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SUMMARY 
 
Sinking marine aggregates are a major component of the biological carbon pump. 
Together with zooplankton fecal pellets, they are responsible for the majority of organic 
carbon drawdown from the sea surface into the ocean interior, where carbon can be 
stored over geological time scales. Yet, only a very small fraction of aggregates makes it 
out of the upper 200 meters at all, as they are gazed on and colonized by zooplankton 
and bacteria in the water column. Organic matter transformations involved in the 
degradation of marine aggregates play a key role in the fate of organic carbon in the 
oceans. Yet, comparatively little is known about aggregate microstructures at the single- 
and sub-aggregate level because aggregates are exceedingly fragile particles that are 
easily destroyed.  
Therefore, in Paper I we developed embedding and thin-sectioning of 
structurally preserved marine snow for structural analysis of the aggregate matrix and 
taxonomic identification of aggregate colonizers. We used a variety of stains for semi-
quantitative measurements of aggregate porosity, and tested methods for taxonomic 
investigation of aggregate colonizers. Preserving the spatial structure of marine snow 
offers new possibilities to study the microstructure of marine aggregates in relation to 
aggregate colonizers. Cutting thin-sections between 5 to 100 µm enables examination 
of marine snow constituents and colonizers of varying sizes from bacteria over 
protozoans to phytoplankton. Coupled with taxonomic staining, embedding and thin-
sectioning of marine snow can improve our knowledge of small-scale physical and 
biological processes associated with the biological carbon pump.  
In Paper II, we developed hard resin-embedding and thin-sectioning of 
structurally preserved aggregates in addition to the soft-embedding method developed 
in Paper I. We again used Alcian Blue and Coomassie Blue to visualize the aggregate 
matrix and used DNA stains to-localize aggregate colonizers within the matrix. 
Furthermore, we developed a protocol for NanoSIMS analsysis of aggregate thin-
sections for the investigation of isotope and element distributions. The slicing-
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thickness of 2 µm of methacrylate-embedded samples enable very high resolution 
investigations of the aggregate matrix, including sub-cellular structures of aggregate 
colonizers. NanoSIMS analysis facilitates the investigation of niche partitioning of 
microbial consortia within aggregates, and potentially enables the detection of 
anaerobic metabolic processes in marine snow, for example sulfate reduction. This 
method can improve our view of element cycling within particle-associated 
microenvironments, and their biogeochemical implications. 
The settling velocity of aggregates is one of the key determinants of carbon 
export efficiency as it controls how much carbon can be degraded per meter settled. 
Because of their high heterogeneity, the settling behavior of in situ aggregates is highly 
variable and the factors controlling settling velocity need further elucidation.  
In Paper III we used Particle Image Velocimetry to visualize the flow field 
around in situ collected, natural marine aggregates to gain a better understanding of 
their settling behavior. We used this data to derive the drag coefficient of each 
aggregate using a mathematical model. We did microscopic imaging and measured 
independent parameters including aggregate size, settling velocity, solid hydrated 
density, and different shape factors for a comprehensive aggregate characterization. We 
found that the flow fields around natural marine snow strongly resembled those of 
impermeable, perfect agar spheres of comparable size and settling velocity. This implies 
that aggregate composition, porosity, and microstructures on the aggregate surface 
have little to no influence on overall settling behavior. Furthermore, it strongly suggests 
that the permeability of the aggregates collected in this study (which are representative 
of a large fraction of marine aggregates), is negligible, and that diffusion governs 
transport and mass exchange of gases and solutes into and out of aggregates, which has 
important consequences for the microbial colonization of settling aggregates.  
In Paper IV, we incubated the diatom Skeletonema marinoi with different 
concentrations of plastic microfibers in roller tanks to examine the impact from 
microfibers on aggregate formation, size-distribution, settling velocity, and carbon 
content over time. The measurements of particle volume, settling velocity, and carbon 
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content in each treatment allowed us to estimate the impact from microfibers on the in 
potential export flux. Incorporation of microfibers into the aggregates reduced their 
size, size-specific settling velocities, and carbon content. During the initial phase of the 
study we even observed positively buoyant diatom aggregates when microfibers were 
incorporated. Together this resulted in a significant lower potential particulate organic 
carbon flux when comparing to the treatment without addition of microfibers. Since 
most major ocean basins are currently contaminated by microplastic, it is likely that the 
biological carbon pump is already compromised by the presence of microplastic. 
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ZUSAMMENFASSUNG 
Sinkende organische Aggregate sind ein Hauptbestandteil der biologischen 
Kohlenstoffpumpe. Marine Aggregate sind zusammen mit Kotballen für den Großteil 
des organischen Kohlenstoffexports von der Meeresoberfläche in das Meeresinnere 
verantwortlich, wo Kohlenstoff über geologische Zeiträume gespeichert werden kann. 
Jedoch sinkt nur ein sehr geringer Anteil an Aggregaten überhaupt aus den oberen 200 
Metern der Wassersäule aus, da sie vorher von Zooplankton und Bakterien in der 
Wassersäule gegrast und besiedelt werden. Umwandlungen organischer Stoffe durch 
mikrobiellen Abbau spielen eine Schlüsselrolle für das Schicksal organischen 
Kohlenstoffs in den Ozeanen. Über die Mikrostrukturen auf Einzel- und 
Subaggregatebene ist jedoch vergleichsweise wenig bekannt, da es sich bei Aggregaten 
um äußerst zerbrechliche Partikel handelt, die leicht zerstört werden können. 
Paper I beschreibt die von uns weiterentwickelte Methode, marine Aggregate 
ohne Verlust der 3-dimensionalen Struktur in ein viskoses Kryogel einzubetten, 
einzufrieren, und dann wie einen Laib Brot (nur sehr viel dünner) zu schneiden. Dies 
ermöglicht eine räumlich aufgelöste Untersuchung der Aggregatmatrix und die 
Einfärbung ausgewählter taxonomischer Gruppen von Bakterien, die das Aggregat 
besiedeln. Der Erhalt der räumlichen Struktur bietet neue Möglichkeiten, die 
Mikrostruktur im Verhältnis zu mikrobiellen Besiedlern zu untersuchen. Dünnschnitte 
zwischen 5 und 100 µm ermöglichen die Untersuchung von Aggregatbestandteilen und 
Besiedlern unterschiedlicher Größe, von Bakterien über Protozoen bis hin zu 
Phytoplankton. In Verbindung mit taxonomischen Färbungen kann das Einbetten und 
Dünnschneiden von marinen Aggregaten unser Wissen über kleinräumige 
physikalische und biologische Prozesse verbessern, die mit der biologischen 
Kohlenstoffpumpe verbunden sind. 
In Paper II haben wir, zusätzlich zu der in Paper I entwickelten Methode, das 
Einbetten und Schneiden von Aggregaten in Harzen entwickelt. Auch diese Methode 
ist mit der gleichzeitigen Abbildung der Aggregatmatrix und von Besiedlern der Matrix 
x 
 
kompatibel. Darüber hinaus ermöglicht sie die Untersuchung von Isotopen- und 
Elementverteilungen in Dünnschnitten mittels NanoSIMS-Analyse. Die Schnittdicke 
von 2 µm ermöglicht hochauflösende Untersuchungen der Matrix, einschließlich 
subzellulärer Strukturen von Besiedlern. Die NanoSIMS-Analyse erleichtert die 
Untersuchung der Nischenverteilung von mikrobiellen Konsortien innerhalb von 
Aggregaten und ermöglicht theoretisch den Nachweis von anaeroben 
Stoffwechselprozessen in marinen Aggregate, z. B. Sulfatreduktion. Diese Methode hat 
das Potential, unser Verständnis der Elementkreisläufe in Aggregat-assoziierten 
Mikroumgebungen und ihrer biogeochemischen Auswirkungen zu verbessern. 
Die Sinkgeschwindigkeit von Aggregaten ist einer der Schlüsselfaktoren für die 
Effizienz des Kohlenstoffexports, da sie steuert, wieviel Kohlenstoff pro gesunkenem 
Meter abgebaut werden kann. Aufgrund ihrer hohen Heterogenität ist das 
Sinkverhalten von natürlich Aggregaten äußerst variabel, und die Faktoren, die die 
Sinkgeschwindigkeit steuern, bedürfen genauerer Untersuchungen.  
In Paper III visualisieren wir das Strömungsfeld natürlicher Aggregate mit 
„Particle Image Velocimetry“, um so ein besseres Verständnis für das Sinkverhalten 
mariner Aggregate zu erlangen. Dank dieser Aufnahmen konnten wir den 
Strömmungswiderstandskoeffizienten aller beprobten Aggregate mithilfe eines 
mathematischen Modells ableiten. Mikroskopische Aufnahmen jedes Aggregates sowie 
die Messung unabhängiger Parametern wie Aggregatgröße, Sinkgeschwindigkeit, 
Dichte der festen Bestandteile und verschiedener Formfaktoren, ermöglichten eine 
umfassende Charakterisierung von in situ beprobten Aggregaten. Unsere Ergebnisse 
zeigten, dass die Strömungsfelder um natürliche Aggregate sehr stark denen von 
undurchlässigen, perfekt sphärischen Agarkugeln vergleichbarer Größe und 
Sinkgeschwindigkeit ähnelten. Dies impliziert, dass die Aggregatzusammensetzung, 
Porosität, und Mikrostrukturen auf der Aggregatoberfläche Alles in Allem einen 
verschwindend geringen Einfluss auf das Sinkverhalten haben. Dies deutet sehr stark 
darauf hin, dass die Permeabilität der in dieser Studie gesammelten Aggregate 
vernachlässigbar ist, und stattdessen Diffusion den Transport und Massenaustausch 
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von Gasen und gelösten Stoffen in und aus Aggregaten kontrolliert. Dies hat wichtige 
Konsequenzen für die mikrobielle Besiedlung sinkender Aggregate.  
In Paper IV haben wir die Kieselalge Skeletonema marinoi mit unterschiedlichen 
Konzentrationen von Kunstoffmikrofasern in Rolltanks inkubiert, um den Einfluss von 
Mikrofasern auf Aggregatbildung, Größenverteilung, Sinkgeschwindigkeit und 
Kohlenstoffgehalt über Zeit zu untersuchen. Die Messungen des Partikelvolumens, der 
Sinkgeschwindigkeit und des Kohlenstoffgehalts in jeder Behandlung ermöglichten es 
uns, den Einfluss von Mikrofasern auf den möglichen Exportfluss abzuschätzen. 
Einarbeitung von Mikrofasern in Aggregate reduzierte deren Größe, größenspezifische 
Sinkgeschwindigkeiten, und deren Kohlenstoffgehalt. In der Anfangsphase der 
Inkubation beobachteten wir sogar auftreibende Diatomeenaggregate, in Rolltanks mit 
Mikrofasern. Zusammen führte dies im Vergleich zur Behandlung ohne Zugabe von 
Mikrofasern zu einem signifikant niedrigeren potenziellen Kohlenstofffluss. Da die 
meisten großen Meeresbecken derzeit durch Mikroplastik kontaminiert sind, ist es sehr 
wahrscheinlich, dass die biologische Kohlenstoffpumpe bereits durch Mikroplastik 
beeinflusst ist.
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INTRODUCTION 
1.   Biological carbon sequestration in the ocean 
Life on our planet is carbon-based.  
There is a total of 550 gigatonnes of carbon distributed among all the kingdoms of 
life (Bar-On et al., 2018), which is equivalent to a cargo train filled with coal long enough 
to embrace the earth at the equator 3,430 times. This biomass is distributed among 
reservoirs that have the capacity to both store and release carbon (“carbon pools”), and is 
moved by processes that can transfer carbon between pools (“fluxes”). The ocean 
constitutes the largest of the five broad carbon pools (the others being the atmosphere, 
terrestrial vegetation, soils, and fossil fuels) (Lal, 2008).  
The oceans’ capacity to sequester atmospheric carbon dioxide over decadal to 
millennial time scale makes them an important carbon sink, both for naturally emitted and 
anthropogenic CO2 (Quéré et al., 2018; Ciais et al., 2014; Passow and Carlson, 2012). Ocean 
carbon sequestration is mediated via physical and biological pumps which transport carbon 
that is dissolved in the ocean surface to the deep ocean, thereby causing a gradient of 
dissolved inorganic carbon that is increasing with depth (Gruber and Sarmiento, 2002; Volk 
and Hoffert, 1985). The removal of dissolved inorganic carbon (DIC) from the ocean surface 
to the deep sea lowers surface DIC concentrations, which in turn enables re-uptake of 
atmospheric carbon via air-sea gas exchange in equilibrium with atmospheric CO2 
concentrations. 
In an abiotic (“Strangelove”) ocean, carbon sequestration is induced by the 
temperature-dependent solubility of DIC. This results in carbon sequestration driven by the 
formation of DIC-rich deep water at high latitudes which becomes physically separated 
from the atmosphere by warmer, DIC-deplete water masses as it moves along the ocean 
conveyor belt. This mechanism of C sequestration is known as the “solubility pump” (Volk 
and Hoffert, 1985). 
In a living ocean, marine biota create additional carbon pumps: Shell-forming 
organisms such as coccolithophorids, foraminifera, pteropods, and some calcareous 
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dinoflagellates use soluble hydrogencarbonate (HCO3-; one of three marine carbonate 
species) to form insoluble calcite or aragonite minerals in their shells. On short time-scales, 
this reduces net uptake of DIC due to a shift in the equilibrium of carbonate species, leading 
to the release of 0.6 mol CO2 per 1 mol HCO3- (Frankignoulle et al., 1994). On geological 
time scales, sinking and sedimentation of calcareous organisms (“carbonate pump”) lead to 
the formation of carbonate rocks which are some of the largest carbon reservoirs on earth 
(IPCC 2013).  
The most important process for ocean carbon sequestration is the “biological carbon 
pump” (fig. 1). The biological carbon pump is built on the assimilation of DIC into 
particulate organic carbon (POC) through photosynthesis. Marine phytoplankton fix 50 
PgC yr-1, making up half of the annual global primary production (Field et al., 1998). When 
single cells collide and stick together, they form aggregates that sink out of the euphotic 
zone towards the deep ocean, thereby removing the assimilated carbon from the ocean 
surface and transporting it into the ocean interior (Alldredge and Silver, 1988; Alldredge 
and Gotschalk, 1988). By definition, aggregates exceeding a diameter of 0.5 mm are referred 
to as “marine snow” (Shanks and Trent, 1980). Together with fecal pellets egested by 
phytoplankton-grazing organisms, settling marine aggregates drive the biological carbon 
pump (Volk and Hoffert, 1985). Of the three pumps described, the biological carbon has by 
far the largest impact on oceanic carbon sequestration, accounting for 70% of the surface-
to-deep gradient (Gruber and Sarmiento, 2002; Passow and Carlson, 2012).  
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Figure 1. Schematic of the biological carbon pump and the biotic processes driving it (please refer to the 
main text for references): (a) Light energy drives the assimilation of particulate organic carbon by primary 
producers in the ocean surface; (b) Coagulation of phytoplankton leads to the formation of aggregates; (c) 
Settling aggregates export carbon out of the surface into the ocean interior, were carbon can be 
sequestered on long time scales. The magnitude of C export via the biological pump is controlled by 
biotically driven processes in the water column, which include (d) formation of TEP, which can be enhanced 
by phytoplankton-bacteria interactions and stimulates aggregate formation; (e) Zooplankton grazing and 
microbial degradation of phytoplankton cells and marine aggregates, which leads to (f) remineralization of 
POC back to CO2, and also (g) the production of zooplankton fecal pellets, which can either settle out directly 
or be incorporated in aggregates. Image credits: Deep East 2001, NOAA/OER; E. DeLong, D. Karl, N. Hulbrit; 
Warren Photographic; 2013 All Enthusiast, Inc; Thuy et al. (2017); Dagg et al. (2014) 
INTRODUCTION 
4 
 
 
The conventional way of assessing the strength of the biological carbon pump assumes a 
process driven near-exclusively by gravitational settling of aggregates out of the ocean 
surface (e.g., Buesseler and Boyd, 2009). This  simplistic concept underestimates the impact 
of physical mixing processes (Stukel et al., 2018), vertical migration of marine biota 
(Packard and Gómez, 2013; Hernández-León et al., 2001; Vinogradov, 1997), and the role of 
suspended organic matter (Riley et al., 2012). These processes can be unified in a 
conceptualization of the biological carbon pump that differentiates between a purely 
gravity-driven pump and “particle-injection pumps” (PIPs; Boyd et al., 2019) (fig. 2).  
 
 
Figure 2. Simplified depiction of selected particle injection pumps in their role in biological carbon 
sequestration. Image credit: University of Rochester illustration/ Michael Osadciw 
 
PIPs cut short the distance that organic matter needs to bridge to reach depths where it can 
be sequestered long-term by injecting particles deeper into the water column. Some PIPs 
are driven by physical mixing processes, for example by vertical circulation associated with 
fronts and eddies (“eddy-subduction pump”), or dynamic shallowing and deepening of the 
mixed layer (“mixed-layer pump”), while other PIPs are driven by biology such as 
zooplankton diel migration (“mesopelagic-migrant pump”) or lipid catabolism at 
hibernation depth (“seasonal lipid pump”). Different PIPs act on very different time scales 
(from days to centuries), and vary in strength and relative importance depending on season, 
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region, and depth. The important commonality between PIPs is that they can act on 
suspended as well as settling particles and inclusion of mechanisms other than gravitational 
settling can help to resolve mismatches between the carbon demand of pelagic biota and 
the carbon supplied by considering C export by gravitational settling out of the sea surface 
alone (Boyd et al., 2019).  
 
Figure 3. Comparison of a) global primary production, b) particle export efficiency, and c) transfer efficiency. 
Figure modified from Henson et al. (2012). 
 
Overall, the biological carbon pump is relatively inefficient. Of the 50 PgC that are 
fixed photosynthetically every year, only about 10% make it out of the euphotic zone 
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(Martin et al., 1987), and about 2% of make it past 2000 m where carbon can be sequestered 
over long time scales (Tréguer et al., 2003). Particle export is defined as the amount of POC 
at 100 m water depth as a function of primary production, while transfer efficiency is the 
amount of POC that makes it from 100 m to 2000 m depth (fig. 3, Henson et al., 2012). 
Both particle export and transfer efficiency have large regional, seasonal, and temporal 
variations, which are caused to some extent by the composition and settling velocity of 
marine aggregates as well as the amount of grazing and microbial degradation. In the 
following, these aspects will be illuminated separately.  
 
2.    Physical formation and composition of marine aggregates 
The transformation of small suspended particles into large, fast-sinking marine snow 
proceeds via three coupled mechanisms (McCave, 1984): (i) Brownian motion, i.e., the 
random movement of particles resulting from collisions with atoms in the ambient fluid, 
(ii) differential settling, i.e., scavenging of slow-sinking particles by fast particles, and (iii) 
turbulence, i.e., physical mixing of water masses resulting in particle collision. The 
composition and diversity of the particle standing stock in the surface ocean directly 
influences the amount of aggregation and the composition of the resulting aggregates, with 
immediate consequences for the magnitude of the export flux (Alldredge and Gotschalk, 
1989; Riebesell, 1993; Bach et al., 2016). The diversity and heterogeneity of aggregates over 
depth and season is indicative of the complex processes leading to their formation and 
export (fig. 4). 
Seasonal phytoplankton blooms commonly result in the formation of diatom 
aggregates (Kranck and Milligan, 1988; Alldredge and Gotschalk, 1989; Riebesell, 1991). 
Aggregation efficiency and export flux is strongly influenced by the composition of the 
bloom (Henson et al., 2012). Aggregation and mass sedimentation has even been found to 
be a potential bloom-terminating process (Kiørboe et al., 1994). Zooplankton grazing and 
egestion leads to frequent incorporation of fecal pellets (or pellet fragments) into marine 
aggregates (Alldregde and Silver, 1988). In areas with high dust input, lithogenic ballasting 
minerals are also frequently incorporated (Jagt et al., 2018; Passow and Rocha, 2006).  
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Figure 4. Sediment trap samples showing the diversity of settling marine aggregates. Modified from Durkin 
et al. (2015).  
 
Marine snow is also formed by flux-feeding zooplankton (Alldredge and Silver, 1988). 
Organisms such as pteropods and appendicularians use specialized mucilaginous feeding 
structures to filter food particles out of the sinking carbon flux (Lalli and Gilmer, 1989; 
Gilmer and Harbison, 1986). They then consume and egest these webs, or discard and 
replace them if clogged. In the case of appendicularians, this process can be repeated up to 
26 times a day (Sato et al., 2001). The discarded webs and houses, which are full of 
particulate organic matter, settle out towards the deep ocean, and contribute to the vertical 
carbon flux (Jackson, 1993).  
Aggregate formation is heavily dependent on the probability of particles sticking 
together upon collision, which can be expressed as the “stickiness” of a particle. Of any of 
the commonly found particles in marine snow, diatoms have the highest stickiness 
(Alldredge and McGillivary, 1991), although stickiness can vary between species by orders 
of magnitude (Hansen et al., 1995; Kiørboe and Hansen, 1993). A strong contributor to 
stickiness is the formation of transparent exopolymer particles (TEP) (Alldredge et al., 1998; 
Engel, 2000; Passow, 2002), which are at least partly formed through phytoplankton-
bacteria interactions (Grossart et al., 2006a; Grossart et al., 2006b; Gärdes et al., 2011). TEP 
is a complex mixture of organic molecules that is defined as being stainable with Alcian 
Blue and belongs to a larger group of high-molecular weight polymers termed exopolymeric 
substances (EPS) (Alldredge et al., 1993; Passow and Alldredge, 1995). Marine snow contains 
high amounts of TEP that act like a glue holding the matrix together and directly affect 
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aggregation efficiency and settling velocity (Alldredge et al., 1993; Engel, 2000; Engel and 
Schartau, 1999; Passow, 2002; Long and Azam, 1996; Arrigo, 2007). 
Marine aggregates have highly variable structural properties, which depend heavily 
on the primary particles they are formed from (Alldredge and Silver, 1988; Iversen and 
Ploug 2010). The excess density of marine snow, i.e., the difference in aggregate density 
compared to the density of the ambient fluid depends on the density of the primary 
particles. However, the compactness of the aggregates, i.e., how much space there is 
between primary particle inside the aggregate, seems to be more important in determining 
the excess density (Iversen and Ploug; 2010). Ballasted aggregates often have high excess 
density compared to non-ballasted aggregates, which holds true for both lithogenic (Iversen 
and Robert, 2015) and biogenic ballasting (Iversen and Ploug, 2010). Aggregates with high 
TEP:solid particle fractions on the other hand have very low excess densities (Mari et al., 
2005, 2017).  
The composition of primary particles also affects the porosity of aggregates. For 
example, aggregates formed from mucilage have exceedingly high porosities greater than 
99.9% (Alldredge and Crocker, 1995), followed by phytoplankton aggregates with porosities 
between 95-99% (Alldredge and Gotschalk, 1988; Ploug et al., 2008). Fecal pellets on the 
other hand are very tightly packed and have comparatively low porosities of 40-60% (Ploug 
et al., 2008). A long-standing question is if these pores allow advective flow, i.e., if 
aggregates are permeable. Evidence of this is conflicted and sparse, and it has been 
hypothesized that aggregates are impermeable due to clogging of pore space by TEP (Ploug 
and Passow, 2007).  
 
3.   Settling of marine aggregates 
The magnitude of carbon export is closely linked to the settling velocity of aggregates, 
because the settling velocity plays an important part in the amount of carbon that can be 
degraded per meter settled (termed the “remineralization length scale”; Iversen and Ploug, 
2010). Marine aggregates have settling velocities ranging from just two to several thousand 
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meters per day (Alldredge and Gotschalk, 1988; Laurenceau-Cornec et al., 2015 and 
references therein) (fig. 5).   
The structural and physical properties defined by the composition of marine 
aggregates directly influence their settling velocities (Iversen and Ploug 2010, Bach et al., 
2016). Aggregates that are high in dense materials have high excess densities which results 
in an increase in size-specific settling velocities: Zooplankton fecal pellets for example 
consist largely of indigestible phytoplankton frustules and settle between 5 and 2700 m/day 
(Turner et al., 2000, and references therein). Marine snow with incorporated lithogenic 
(dust, clay, silt) or biogenic (CaCO3, silicate) ballasting minerals also have high size-specific 
settling velocities compared to non-ballasted aggregates (Iversen and Ploug, 2010; Ploug et 
al., 2008; Lombard et al., 2013a; Iversen and Robert, 2015; Jagt et al., 2018).  
Other aggregate components can have the opposite effect. TEP, for instance, can 
reduce aggregate settling velocity because they are positively buoyant (Mari et al., 2017; 
Azetsu-Scott and Passow, 2004). Despite the important role of TEP in aggregate formation, 
marine aggregates only sink when the fraction of high-density particles is high enough to 
compensate the positive buoyancy of TEP (fig. 3 in Azetsu-Scott and Passow [2004]). A 
large fraction of dense particles compared to TEP will lead to immediate downward export, 
whereas a small fraction of dense particles compared to TEP will lead to prolonged retention 
in the euphotic zone and a spatial decoupling of aggregate formation and export (Mari et 
al., 2017). 
Aggregate porosity also heavily influences the settling velocity of marine snow: pore 
water that is entrained in the aggregate pore space is continually exchanged via diffusion as 
aggregates settle. When an aggregate crosses a pycnocline, it can be retained at the density 
interface until the pore water is fully exchanged, which increases retention time and biotic 
remineralization in the surface ocean (Prairie et al., 2013; MacIntyre et al., 1995).  
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Figure 5. Range of size and settling velocities for natural and laboratory formed aggregates. Modified from 
Laurenceau-Cornec et al. (2015). The solid black line depicts the size-to-settling relationship of aggregates 
whose settling velocities were calculated using Stokes’ law. 
 
As aggregates settle through the water column, they are acted upon by forces that 
control their settling and govern solute and mass exchange with the ambient fluid. These 
forces act the same regardless of whether the aggregate is moving through a stagnant fluid, 
or the aggregate is stationary with water flow moving around it. For simplicity, I will 
describe them using an aggregate moving down the water column. 
 All settling aggregates experience fluid resistance, also called drag force, which is 
acting opposite to the settling direction. The drag force is directly dependent on the velocity 
of the aggregate and decreases the fluid velocity in its path relative to the aggregate (Stokes 
1851). A settling aggregate will accelerate until the drag force is equal to the downward force 
of gravity. When these two forces are in balance, an aggregate has reached its terminal 
settling velocity (Stokes, 1851). The dimensionless drag coefficient can be calculated to 
quantitatively describe the drag experienced by aggregates, and is commonly determined 
based on the Reynolds number (Re; White, 1974).  
The Reynolds number describes the relative importance of inertial forces to viscous 
forces acting on a settling aggregate and is dependent on its size, settling velocity, and the 
kinematic viscosity of the surrounding fluid. The Reynolds number is also used to predict 
flow patterns around moving objects (fig. 6). At low Re, fluid flow is laminar, which means 
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that layers of fluid are smoothly moving around a settling aggregate without lateral mixing. 
At higher Re, differences in the fluid speed and direction result in the formation of vortices 
or turbulence (fig. 6). Reynolds numbers of marine aggregates range from 0.2 to 32 
(Alldredge and Gotschalk, 1988; Ploug et al., 2008;  Iversen and Ploug, 2013), which 
suggests that flow around them is predominantly laminar, with the possibility of vortices 
forming at the back of the settling aggregate at higher Re (fig. 6). The Re regime of an 
aggregate further affects the appearance and the thickness of the fluid boundary layer, i.e., 
the layer of fluid around the settling aggregate where the effects of viscosity play a role. The 
thickness of the boundary is defined as the distance from the aggregate surface to the point 
where flow velocity is reduced to a certain percentage of the maximum flow velocity, usually 
99% (e.g., Datta and Mishra, 1982).  
An important descriptor of settling behavior that is closely linked to the Reynolds 
number is the flow field around aggregates, which is the visual representation of the 
magnitude and direction of the flow at every point around an aggregate. At low Re, 
aggregates have very symmetric flow fields with thick size-specific boundary layer and 
shallow velocity gradients within the boundary layer. With increasing Re, the flow field 
becomes increasingly asymmetric, with a thinning boundary layer at the equator and a 
longer “tail”, and the velocity gradients in the boundary layer become increasingly steep 
(fig.1 in Kiørboe et al., 2003). 
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Figure 6. Streamlines across a cylinder at increasing Reynolds number. Modified from Lienhard (1966). 
 
Wherever settling velocity of aggregates cannot be measured directly, it is possible 
to theoretically derive the settling velocity of aggregates using Stokes’ law (Stokes, 1851). 
Stokes’ law poses that settling velocity is a function of the squared aggregate diameter and 
the density of an aggregate—under the assumptions that flow around the aggregate is 
laminar, the aggregate is perfectly spherical, composed of homogeneous material, has a 
smooth surface, and is impermeable (Stokes, 1851). As discussed in previous chapters, 
marine snow does not comply with these assumptions, which can result in the deviations 
between measured and calculated settling velocities that are frequently observed (fig. 5; 
(Stemmann et al., 2004; Laurenceau-Cornec et al., 2015). 
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4.   The role of zooplankton and bacteria in carbon flux attenuation 
Carbon flux attenuation is controlled by heterotrophic degradation of settling aggregates. 
Grazing zooplankton and colonizing bacteria re-mineralize POC back to CO2 (Simon et al., 
2002; Iversen et al., 2010; Stemmann et al., 2004). The remineralization rate largely 
depends on aggregate settling velocity and the lability of the organic matter within (e.g., 
Grossart and Ploug, 2001). High extracellular enzymatic activities effect the release of 
dissolved organic matter (DOM) which can act as chemical attractants (fig. 7; Karner and 
Herndl, 1992; Arnosti, 2003). Therefore, aggregates are considered nutrient hotspots in the 
ocean (Azam and Long, 2001).  
Along the water column, zooplankton seem to control the upper ocean carbon flux 
attenuation (Iversen et al., 2016; Iversen et al., 2010; Jackson and Checkley, 2011), while 
deep flux attenuation is seemingly dominated by microbial degradation (Stemmann et al., 
2004). However, the relative contribution of zooplankton and bacteria to flux attenuation 
also depends on geographical region. Some regions are dominated by zooplankton control 
(Iversen et al., 2010, 2016; Jackson and Checkley, 2011), whereas others are dominated by 
bacteria (Giering et al., 2014) and protozoans, e.g., dinoflagellates (Poulsen and Iversen, 
2008; Poulsen et al., 2011). 
Zooplankton and bacteria have fundamentally different strategies to detect and feed 
on particles, which is due to them differing in size on an order of magnitude. Both 
zooplankton and bacteria can sense chemical cues. Swimming of certain copepod species is 
designed to maximize search space (Kiørboe, 2011; Olsen et al., 2000). When they 
encounter the solute plume of a settling aggregate, they can follow the plume to find and 
graze on the aggregate (Kiørboe and Thygesen, 2001; Lombard et al., 2013b). Chemotactic 
bacteria can sense chemical gradients followed by a run-and-tumble behavior that directs 
them to solute concentration maxima. For this reason, bacteria concentrate in the plumes 
of settling particles until the plume dissipates (Stocker et al., 2008). This mechanism does 
not allow chemotactic bacteria to follow the plume of aggregates as zooplankton does 
(Roman Stocker, pers. comm.). In laboratory systems with model particles, chemotactic 
bacteria can colonize and rapidly degrade particles (Datta et al., 2016; Enke et al., 2018; 
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Stocker and Seymour, 2012; Grossart et al., 2003; Kiørboe et al., 2003, 2002). However, 
assembly of the microbial community and colonization of natural settling aggregates is 
poorly studied.  
 
 
Figure 7. Artistic impression of gradients and hotspots encountered by bacteria in the water column. 
Reproduced from Stocker (2002). Image credits: R. Stocker, J. R. Seymour, G. Gorick 
 
It was previously believed that bacteria would only remain on a settling aggregate 
for minutes to hours (Kiørboe et al., 2002) suggesting a constant exchange of bacteria 
between the ambient water column and the aggregate during settling. Yet, recent studies 
using both size fractionation and in situ collected aggregates have found little connection 
between bacteria in the water column and those associated with aggregates at depth 
(Bachmann et al., 2018; Fadeev et al., 2018; Mestre et al., 2017; Thiele et al., 2014). Instead, 
it is suggested that aggregates are colonized in the surface ocean during formation, and that 
changes in bacterial communities of aggregates with increasing depth are caused by 
successional dynamics of the resident bacterial assemblage rather than new colonization 
from the water column (Pelve et al., 2017; Thiele et al., 2014). 
INTRODUCTION 
15 
 
In addition to chemical cues, zooplankton can use hydrodynamic cues to detect food 
particles, including settling aggregates (Sanne and Kiørboe, 2012; Kiørboe and Thygesen, 
2001; Visser, 2001). No such behavior is known from bacteria, possibly because their small 
size prevents them from sensing and reacting to velocity gradients the way zooplankton 
does. However, motile bacteria can benefit from hydrodynamics-mediated trapping, which 
enables passive capture of approaching microorganims onto a settling aggregate (Desai et 
al., 2019). Processes like this create an intimate connection between the settling behavior 
of aggregates and microbial colonization, yet their interactions are not well understood. 
 
5.   The biological carbon pump in the anthropocene 
The biological pump is intimately connected to environmental changes induced in the 
anthropocene (Riebesell et al., 2009). Between 1870 and 2017, the oceans have taken up 
about 25% of total anthropogenic CO2 emissions (Quéré et al., 2018). Because of air-sea 
equilibrium, rising CO2 concentrations go hand in hand with increasing concentrations of 
sea surface DIC (Caldeira and Wickett, 2003; McNeil and Matear, 2006) leading to “ocean 
carbonation” (Riebesell et al., 2009).  
There are two contrasting scenarios of how ocean carbonation can affect the 
efficiency of the biological pump: Increased DIC concentrations lower ocean pH (an effect 
known as “ocean acidification”; Caldeira and Wickett, 2003) which, among other things, 
reduces the availability of carbonate ions for calcium-carbonate shell forming organisms 
(Orr et al., 2005). This can reduce the settling velocity of these organisms and lead to a 
decrease in C export (Biermann and Engel, 2010). At the same time, an increase of surface 
DIC concentrations can lead to an increase in primary production (Hein and Sand-Jensen, 
1997), POC formation (Engel et al., 2013) and TEP production (Engel, 2002), all of which 
can increase potential C export. However, TEP formation, aggregation and export dynamics 
can vary strongly depending on the synergies among multiple stress effects, suggesting a 
complex response to climate change (Mari et al., 2017; Cisternas-Novoa et al., 2019). 
Rising atmospheric CO2 concentrations have led to an increase in average global 
temperatures of approximately 0.2°C per 10 years (Vinnikov and Grody, 2003; Kerr, 1995). 
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This has increased mean sea surface temperatures by 0.18°C (Levitus et al., 2000; Levitus 
et al., 2012) and is melting Arctic sea ice (Notz and Stroeve, 2016; Johannessen, 2008) as 
well as changing global precipitation regimes (Pendergrass and Hartmann, 2014). Changes 
in water density, caused by decreasing salinity from meltwater discharge or increasing water 
temperature, affect surface mixed layer depth and lead to a decrease in vertical mixing 
(“stratification”). Stratification reduces the mixing and exchange of gases and nutrients in 
the water column. At low latitudes where the mixed layer is relatively shallow and surface 
nutrient concentration are low, primary producers rely on upward nutrient supply and 
stratification can be expected to reduce C export. At higher latitudes where the mixed layer 
is deep, the main limitation is light availability. Here, stratification leads to a shallowing of 
the mixed layer and an increase in POC production and potential export (Riebesell et al., 
2009), although a countering effect of changes in the community composition on C export 
must not be ignored (Arrigo et al., 1999). 
The reduced mixing of oxygen can intensify and expand oxygen minimum zones 
(OMZs), which does not directly affect primary production and POC formation, but affects 
grazing and carbon remineralization (Cavan et al., 2017). Because of oxygen limitation, 
OMZs are only sparsely populated by zooplankton (Wishner et al., 2013), and limited 
zooplankton grazing is confined to the surface (Williams et al., 2014) which is why most of 
the C remineralization in OMZs is microbial (Cavan et al., 2017). This reduced 
remineralization in OMZs can increase C export efficiency (Cavan et al., 2017), but it is 
uncertain if OMZ expansion will persist in the long-term (Resplandy, 2018). 
Changes in environmental conditions  caused by anthropogenic climate change also 
induce  shifts in zooplankton community composition: In the Southern Ocean, increasing 
water temperatures have led to the range expansion of the tunicate Salpa thompsoni 
intruding into regions previously dominated exclusively by the Antarctic krill Euphausia 
superba (Atkinson et al., 2004; Pakhomov et al., 2002). Despite the high settling velocities 
measured for fresh, intact fecal pellets of S. thompsoni, they are recycled quickly in the 
upper water column, leading to an overall decrease in C export compared to krill (Iversen 
et al., 2016). Furthermore, a shift from the discriminate, size-selective grazing behavior of 
krill to indiscriminate grazing by salps can change particle-size spectra across the water 
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column, which can affect particle aggregation efficiency and aggregate formation (Burd, 
2013; Jackson, 1995). 
In addition to rising atmospheric CO2 concentrations, other human activities such 
as overfishing, eutrophication and pollution also exert strong influences on marine 
ecosystem functioning (e.g., Daskalov et al., 2007; Diaz and Rosenberg, 2008; Derraik, 
2002). Of special concern is the increase in microplastic pollution and the pervasiveness of 
microplastics in marine food webs (Galloway et al., 2017; Geyer et al., 2017). The occurrence 
of high concentrations of microfibers in deep-sea sediments has been attributed to 
incorporation of microplastics into settling aggregates including fecal pellets and marine 
snow (Van Cauwenberghe et al., 2013; Woodall et al., 2014). Aggregates readily incorporate 
microplastics and can export them to depth (Porter et al., 2018; Long et al., 2015). However, 
the effects of microplastic incorporation on the structure and settling behavior of marine 
aggregates, and concurrently on carbon export efficiency, are relatively unexplored.  
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6.   Aims and objectives 
The diversity of aggregates and their heterogeneous composition reflect the high spatio-
temporal variability of the environment in which they are formed and through which they 
settle. The effect of structural heterogeneity on aggregate settling and degradation are 
difficult to study as this variability cannot be fully recreated in a controlled laboratory 
setting. Instead, techniques are needed to relate colonization and degradation of individual, 
in situ formed aggregates to their structural and physical properties using non-destructive 
sampling and imaging techniques. In this thesis, I develop methods to investigate the 
microstructure, microbial colonization, and settling behavior of in situ collected marine 
snow at the single-aggregate level. I also investigate the effect of changes in microstructure 
on aggregation and settling of laboratory-formed aggregates to gain a better mechanistic 
understanding of these processes. These are the specific objectives of my thesis: 
 
I. Image the microstructure and selected microbial colonizers of in situ collected 
aggregates at the sub-aggregate level 
 
II. Image the microstructure and single-cell element uptake of aggregates at the 
sub-aggregate level 
 
III. Image the flow field around in situ collected aggregates to characterize their 
settling behavior at the single-aggregate level 
 
IV. Investigate the influence of microfiber incorporation on aggregation dynamics 
and settling velocity of laboratory-formed marine snow at the single-
aggregate level 
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Supplement 
Supplementary figures and tables 
 
 
Figure S1: Image overlap of TEP (green), Chlorophyll a autofluorescence (red) and nucleic acids (blue) of 
methacrylate embedded aggregate sample acquired with a higher magnification using a 63x objective 
shows TEP exudates around algal cells with embedded prokaryotes. 
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Figure S2: Original micrograph of nucleic acids stained with DAPI of a methacrylate embedded laboratory 
generated aggregate. Slice thickness: 2 µm. 
 
 
Figure S3: Original micrograph of chlorophyll a autofluorescence of methacrylate embedded laboratory 
generated aggregate. Slice thickness: 2 µm. 
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Figure S4: Original micrograph of TEP compounds, stained with Alcian Blue of a methacrylate embedded 
laboratory generated aggregate. Slice thickness: 2 µm. 
 
 
Figure S5: Original micrograph of eukaryotic cytoplasm, stained with eosinY/ phloxine B of a methacrylate 
embedded laboratory generated aggregate using bright field. Slice thickness: 2 µm. 
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Figure S6: Original micrograph of eukaryotic cytoplasm, stained with eosinY/ phloxine B of a methacrylate 
embedded laboratory generated aggregate using epifluorescence channel of chlorophyll a. Slice thickness: 
2 µm.  
 
 
Figure S7: Original micrograph of CSP compounds, stained with Coomassie Brilliant Blue of a methacrylate 
embedded laboratory generated aggregate. Slice thickness: 2 µm. 
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Figure S8: ROI distribution of detail measurement #1 of labelled sample as shown in Figure 8 as well as 
Figure 7: 1: prokaryotic cell, 2: possibly sulfur particle, 3: possibly sulfur particle, 4: ignored due to 
insignificant ion counts, 5: prokaryotic cell, 6: prokaryotic cell, 7: prokaryotic cell, 8: prokaryotic cell, 9: 
prokaryotic cell, 10: prokaryotic cell, 11: prokaryotic cell, 12: prokaryotic cell, 13: prokaryotic cell, 14: 
prokaryotic cell, 15: prokaryotic cell, 16: ignored due to insignificant ion counts, 17: prokaryotic cell, 18: 
phytoplankton cytoplasm, 19: prokaryotic cell, 20: prokaryotic cell, 21: prokaryotic cell, 22: phytoplankton 
cytoplasm, 23: prokaryotic cell, 24: phytoplankton compartment, 25: prokaryotic cell, 26: prokaryotic cell, 
27: prokaryotic cell, 28: prokaryotic cell, 29: prokaryotic cell, 30: prokaryotic cell, 31: prokaryotic cell, 32: 
prokaryotic cell, 33: prokaryotic cell, 34: prokaryotic cell, 35: resin matrix, 36: artefact, 37: phytoplankton 
compartment, 38: prokaryotic cell, 39: phytoplankton compartment, 40: prokaryotic cell, 41: phytoplankton 
compartment, 42: prokaryotic cell, 43: resin matrix, 44: phytoplankton compartment, 45: prokaryotic cell, 
46: prokaryotic cell, 47: prokaryotic cell, 48: prokaryotic cell, 49: prokaryotic cell, 50: prokaryotic cell, 51: 
prokaryotic cell.  
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Figure S9: ROI distribution of detail measurement #2 of labelled sample as shown in Figure 8 as well as 
Figure 7: 1: phytoplankton compartment, 2: phytoplankton compartment, 3: possibly sulfur particle, 4: 
phytoplankton compartment, 5: prokaryotic cell, 6: resin matrix, 7: ignored due to insignificant ion counts, 
8: phytoplankton compartment, 9: prokaryotic cell, 10: prokaryotic cell, 11: prokaryotic cell, 12: prokaryotic 
cell, 13: possibly sulfur particle, 14: prokaryotic cell, 15: phytoplankton compartment, 16: possibly sulfur 
particle, 17: prokaryotic cell, 18: possibly sulfur particle, 19: prokaryotic cell, 20: prokaryotic cell, 21: possibly 
sulfur particle, 22: prokaryotic cell, 23: prokaryotic cell, 24: phytoplankton compartment, 25: resin matrix, 
26: prokaryotic cell, 27: prokaryotic cell, 28: prokaryotic cell, 29: prokaryotic cell, 30: prokaryotic cell, 31: 
prokaryotic cell, 32: phytoplankton compartment. 
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Figure S10: ROI distribution of detail measurement #3 of labelled sample as shown in Figure 8 as well as 
Figure 7: 1: resin matrix, 2: prokaryotic cell, 3: resin matrix, 4: possibly sulfur particle, 5: possibly sulfur 
particle, 6: prokaryotic cell, 7: phytoplankton compartment, 8: phytoplankton compartment, 9: possibly 
sulfur particle, 10: phytoplankton frustule, 11: phytoplankton compartment, 12: phytoplankton cytoplasm, 
13: prokaryotic cell, 14: phytoplankton cytoplasm, 15: possibly sulfur particle, 16: phytoplankton 
compartment, 17: phytoplankton compartment, 18: phytoplankton compartment, 19: phytoplankton 
compartment, 20: phytoplankton compartment, 21: phytoplankton compartment, 22: phytoplankton 
frustule, 23: artefact, 24: resin matrix, 25: possibly sulfur particle, 26: prokaryotic cell, 27: prokaryotic cell. 
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Figure S11 (previous page): ROI distribution of additional detail measurement #1 of labelled sample as 
shown in Figure 8: ROI distribution of additional detail measurement #1 of labelled sample: 1: 
phytoplankton compartment, 2: phytoplankton cytoplasm, 3: phytoplankton compartment, 4: 
phytoplankton compartment, 5: resin matrix, 6: prokaryotic cell, 7: phytoplankton frustule, 8: prokaryotic 
cell, 9: phytoplankton cytoplasm, 10: phytoplankton cytoplasm, 11: phytoplankton cytoplasm, 12: 
phytoplankton compartment, 13: phytoplankton compartment, 14: phytoplankton compartment, 15: 
phytoplankton compartment, 16: phytoplankton compartment, 17: phytoplankton compartment, 18: 
prokaryotic cell, 19: prokaryotic cell. 
 
 
Figure S12: ROI distribution of additional detail measurement #2 of labelled sample as shown in Figure 8: 1: 
phytoplankton compartment, 2: prokaryotic cell, 3: phytoplankton cytoplasm, 4: prokaryotic cell, 5: 
prokaryotic cell, 6: phytoplankton compartment, 7: phytoplankton cytoplasm, 8: phytoplankton 
compartment, 9: phytoplankton compartment, 10: prokaryotic cell, 11: phytoplankton compartment, 12: 
prokaryotic cell, 13: prokaryotic cell, 14: phytoplankton compartment, 15: prokaryotic cell, 16: prokaryotic 
cell, 17: prokaryotic cell, 18: phytoplankton compartment, 19: prokaryotic cell, 20: prokaryotic cell, 21: 
prokaryotic cell, 22: phytoplankton compartment, 23: phytoplankton compartment, 24: prokaryotic cell, 25: 
resin matrix, 26: phytoplankton compartment, 27: phytoplankton compartment, 28: prokaryotic cell, 29: 
phytoplankton cytoplasm, 30: prokaryotic cell, 31: phytoplankton frustule, 32: phytoplankton 
compartment, 33: phytoplankton compartment, 34: phytoplankton frustule, 35: phytoplankton 
compartment. 
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Figure S13: ROI distribution of additional detail measurement #1 of unlabelled control sample as shown in 
Figure 8: 1: prokaryotic cell, 2: phytoplankton compartment, 3: prokaryotic cell, 4: phytoplankton 
compartment, 5: resin matrix, 6: phytoplankton compartment, 7: phytoplankton compartment, 8: 
phytoplankton compartment, 9: artefact, 10: prokaryotic cell, 11: prokaryotic cell, 12: phytoplankton 
compartment, 13: artefact, 14: resin matrix, 15: artefact, 16: artefact, 17: prokaryotic cell, 18: prokaryotic 
cell, 19: phytoplankton compartment, 20: resin matrix, 21: prokaryotic cell, 22: possibly sulfur particle, 23: 
prokaryotic cell, 24: phytoplankton compartment, 25: resin matrix, 26: prokaryotic cell, 27: prokaryotic cell, 
28: prokaryotic cell, 29: prokaryotic cell, 30: prokaryotic cell, 31: prokaryotic cell, 32: prokaryotic cell, 33: 
prokaryotic cell, 34: prokaryotic cell, 35: prokaryotic cell, 36: phytoplankton compartment, 37: prokaryotic 
cell, 38: prokaryotic cell, 39: prokaryotic cell, 40: prokaryotic cell, 41: prokaryotic cell, 42: prokaryotic cell, 
43: prokaryotic cell, 44: prokaryotic cell, 45: prokaryotic cell, 46: prokaryotic cell, 47: prokaryotic cell, 48: 
prokaryotic cell, 49: prokaryotic cell, 50: prokaryotic cell, 51: prokaryotic cell, 52: prokaryotic cell, 53: 
prokaryotic cell, 54: possibly sulfur particle, 55: prokaryotic cell, 56: prokaryotic cell, 57: prokaryotic cell, 
58: prokaryotic cell, 59: prokaryotic cell, 60: prokaryotic cell, 61: prokaryotic cell, 62: prokaryotic cell, 63: 
prokaryotic cell, 64: prokaryotic cell, 65: prokaryotic cell, 66: prokaryotic cell, 67: prokaryotic cell. 
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Figure S14: ROI distribution of additional detail measurement #2 of unlabelled control sample as shown in 
Figure 8: 1: prokaryotic cell, 2: prokaryotic cell, 3: prokaryotic cell, 4: prokaryotic cell, 5: resin matrix, 6: 
prokaryotic cell, 7: prokaryotic cell, 8: prokaryotic cell, 9: prokaryotic cell, 10: prokaryotic cell, 11: 
prokaryotic cell, 12: prokaryotic cell, 13: phytoplankton compartment, 14: prokaryotic cell, 15: prokaryotic 
cell, 16: prokaryotic cell, 17: prokaryotic cell, 18: prokaryotic cell, 19: ignored due to insignificant ion counts, 
20: ignored due to insignificant ion counts, 21: prokaryotic cell, 22: prokaryotic cell, 23: prokaryotic cell, 24: 
prokaryotic cell, 25: prokaryotic cell, 26: phytoplankton compartment, 27: phytoplankton compartment, 28: 
resin matrix, 29: phytoplankton compartment, 30: prokaryotic cell, 31: prokaryotic cell, 32: prokaryotic cell, 
33: prokaryotic cell, 34: prokaryotic cell, 35: prokaryotic cell, 36: prokaryotic cell, 37: phytoplankton 
compartment, 38: prokaryotic cell, 39: resin matrix, 40: prokaryotic cell, 41: prokaryotic cell, 42: prokaryotic 
cell, 43: prokaryotic cell, 44: prokaryotic cell, 45: prokaryotic cell, 46: prokaryotic cell. 
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Figure S15: ROI distribution of additional detail measurement #3 of unlabelled control sample as shown in 
Figure 8: 1: prokaryotic cell, 2: prokaryotic cell, 3: phytoplankton compartment, 4: resin matrix, 5: 
phytoplankton compartment, 6: prokaryotic cell, 7: resin matrix, 8: prokaryotic cell, 9: prokaryotic cell, 10: 
prokaryotic cell, 11: prokaryotic cell, 12: prokaryotic cell, 13: phytoplankton compartment, 14: resin matrix, 
15: prokaryotic cell, 16: prokaryotic cell, 17: prokaryotic cell, 18: prokaryotic cell, 19: prokaryotic cell, 20: 
prokaryotic cell, 21: prokaryotic cell. 
 
 
 
 
 
 
 
 
 
Figure S16 (next page): Original, uncorrected isotope abundances in ‰, including Poisson Errors as error 
bars, of all measured prokaryotic and phytoplankton cells as well as the resin itself without correction 
using the internal standard. The dashed line indicates the enrichment threshold (maximum value of the 
Poisson error of controls). Respective ROIs are shown in Suppl Figure S8-S15. 
 
PAPER II 
88 
 
 
  
PAPER II 
89 
 
Protocol and suggestions for CARD-FISH procedure 
Catalyzed reporter deposition fluorescence in situ hybridization (CARDFISH; Pernthaler et 
al. 2002) enables the microscopical identification of specific microbial groups (FISH) with 
an increased signal (CARD). Our procedure was based on an existing protocol for paraffin 
embedded specimens on glass slides (Blazejak et al. 2005) with several modifications: 
Methacrylate slices were encircled using a hydrophobic immunostaining pen (Daido 
Sangyo, Japan). Endogenous peroxidase was inactivated by incubating with 0.01 M HCl for 
10 min at room temperature followed by a washing step in UW. Enzymatic digestion using 
Lysozyme as described in the standard protocol (see above) for 1 hour at 37°C followed a 
washing step in PBST (0.01% Triton X100 in 1 x PBS) and UW for 5 min, respectively. 
Hybridization buffer (HB) with 55% formamide concentration was prepared according to 
standard protocols (see above). HB was supplemented with 1% horseradish-peroxidase-
labeled probe (final concentration 1pmol/µL) of the control probes for eubacteria EUB338I 
(Amann et al. 1990), EUB338II and EUB338III (Daims et al. 1999) as well as the nonsense 
probe as negative control, NonEUB (Wallner et al. 1993).  
The samples were incubated with HB-probe mixture for 3 hours at 35°C in a humidity 
chamber (piece of tissue supplemented with 2 – 3 mL of 55% Formamide and 45% UW in a 
50 mL centrifugation tube). HB was washed off twice in washing buffer (WB) for 5 min, 
followed by a washing step in preheated WB for 30 min up to 1 hour at 37°C depending on 
background signal intensity. WB was washed off in 1 x PBST for 15 min – 1 hour at 37°C. 
Immediately after this step CARD was carried out to prevent the specimens running dry. 
Amplification buffer (AB), containing 0.0015% H2O2 and 0.005 – 0.05% fluorescently 
(carboxyfluorescein) labelled tyramide was added to the slices and incubated for 20 min at 
37°C in a humidity chamber (50 mL centrifugation tube including UW soaked tissue) with 
UW. Afterwards AB was washed off in 1 x PBS twice at room temperature and a third time 
in PBST for up to 1.5 hours at up to 60°C depending on background signal intensity. After 
a short washing step in UW slides were air dried and counterstained with DAPI oil (see 
main text). All washing steps were done under gentle shaking conditions to increase 
washing, but to prevent slices from peeling off the glass slide. 
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Positive hybridization could be achieved, as well as negative results using the 
negative control probe (Figure S17). However, as the overlap with DAPI and Chl a 
autofluorescence (Figure S18) demonstrates, not all cells were hybridized. This may be due 
to non-optimal temperature or formamide concentrations during hybridization or 
inhibited penetration of the probes into the resin. Interestingly, the enzymatic digestion 
seemed not to be necessary, as treatments without digestion resulted in comparable signals. 
The fact that FISH protocols could successfully be applied for Technovit embedded benthic 
consortia by McGlynn et al. (2015) points potentially towards inhibited penetration of 
tyramide conjugate through CARD amplification. The proof for that and optimization 
requires further investigations. 
 
 
Figure S17: Example for CARDFISH treatment: Fluorescence micrographs show the binding of the mixed  
EUBI - III (EUBMix) probe in green while the nonsense probe NonEUB shows no hybridization.  
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Figure S18: Overlap image of DNA staining using DAPI using DAPI (blue), chlorophyll a auto-fluorescence 
(red) and CARDFISH of the EUBI-III probe (EUBMix; green) demonstrates positive signals but missing 
stringency. 
 
Further protocol improvements should consider that in our tests Biobond was 
ineffective as an adhesive during CARDFISH procedure. This is likely due to solvent effects 
associated with high formamide concentrations in the hybridization buffer. Here, the use 
of a mixture of 2 – 10% acetone in UW as bedding between the slide and slice showed more 
promising results. The presence of acetone serves to soften the slice and increases bonding. 
Furthermore, careful handling during the CARDFISH process, i.e., reduction of shaking and 
increasing of washing time, notably improved successful binding. 
 
Table S1 (next page): Comparison of embedding techniques between Flintrop et al. (in press), using 
cryogel (Tissue-Tek® O.C.T.™ Compound; Sakura Fine Tek, Japan) and this study, using hard acrylic and 
epoxy resins. Here we highlight a number of specific advantages of each method with regard to handling 
time and convenience, and final analysis. See text and Flintrop et al. (in press) for details. 
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 Cryogels 
(Flintrop et al. [2018]) 
Hard and soft plastic resins: 
Methacrylate/ Araldite 
(Rogge et al.) 
Primary mode of Handling Cryogel filled drifting sediment traps: passive 
handling 
From MSCa and lab-made aggregates: active 
handling 
Active for lab-made aggregates 
and from MSCa 
Active handling steps until 
immobilization 
Gel traps: no active handling prior to sample 
mounting 
MSCa: min. 1 transfer from MSC to moldb 
Gel traps: not tested 
MSCa: min. 2 transfers: pre-
warming and pre-embeddingb 
Time required until sample is 
ready for sectioningb 
Cryogel filled drifting sediment traps: 0 h 
(embedded in situ) 
MSCa: <5 min hands-on 
<1 h hands-off 
~1 h hands-on 
~74 h hands-off 
Storage temperature of 
embedded samples 
Below freezing point Room temperature 
Shelf life of embedded 
samples 
Years to decadesc several decades 
Slice thickness 5 – 100 µm 1 – 3 µm (methacrylate) 
40 – 140 µm (araldite) 
Storage temperature of 
sliced samples 
-20°C or 4°C Room temperature 
Shelf life of sliced samples Years to decadesc several decades 
Successfully tested FISH 
protocols 
monoFISH, MILFISH, CARDFISH monoFISHd 
Usability for NanoSIMS No existing protocols Yes: vacuum resistance, low 
dilution effects of N and S, no 
shrinking 
Limitations when lithogenic 
compounds are included 
Minimum slicing thickness 5µm; >5 µm no 
detectable rupturee 
Leads to scratches or rupture 
with methacrylate / 
Araldite eliminates structural 
deformations 
Treatment with organic 
solventsb 
Polyvinyl alcohol (<11%) Exchange of water with ethanol 
or acetone (100%) 
Temperature treatment until 
sample is ready for 
sectioning 
-20°C – room temperaturef 4 – 50°Cg 
Tested stains Alcian Blue, Coomassie Brilliant Blue, 
Concanavalin A, Ruthenium Red, Periodic 
Acid Schiff-base stain, DAPI, FISH 
Alcian Blue, Coomassie Brilliant 
Blue, eosin Y / phloxine B, DAPI, 
FISH 
Further possibilities Variety of established staining protocols and 
cryogels 
Variety of established staining 
protocols and resins 
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Table S1 (continued): a MSC: Marine Snow Catcher; b excluding fixation or staining prior to embedding; c 
when stored adequately in air-tight containers to prevent dehydration of cryogel during long-term 
storage; d monoFISH was carried out elsewhere (McGlynn et al. 2015), whereas CARDFISH was tested in 
this study but requires further development (see Supplementary chapter 1); e cannot be ruled out due to 
pliable nature of cryogel; f processing at room temperature, storage at -20°C and slicing at -25 to -30°C; g 
exothermic polymerization temperature does not exceed 50°C on cooling block 
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Abstract 
The marine biological carbon pump is largely driven by settling particles and aggregates. 
The velocity with which these particles settle controls the efficiency of the biological carbon 
pump as it limits the amount of carbon that can be degraded over depth per unit time. 
Despite its importance, settling velocity of natural marine aggregates is not routinely 
measured, but often calculated from aggregate size and density using Stokes’ law. Yet, 
comparing calculated and experimentally measured settling velocities has shown that 
Stokes’ law does not accurately predict the size-to-settling relationship of marine snow. To 
determine the factors controlling the settling of marine aggregates, we analyzed the flow 
fields around 95 in situ collected aggregates using Particle Image Velocimetry. Additionally, 
we measured the size, settling velocity, and density of individual aggregates. The flow fields 
around the aggregates strongly resembled those of impermeable, porous spheres, 
independent of aggregate type, size, composition, and shape. This suggests that Stokes’ law, 
which is based on the behavior of impermeable spheres, is applicable to settling marine 
aggregates. It also corroborates previous findings of negligible advective flow through 
marine aggregates. Hence, mass transfer to and from marine aggregates occurs mainly via 
diffusion, and it is primarily motile organisms that are able to colonize sinking aggregates. 
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Introduction 
Settling of phytoplankton cells to the deep ocean in the form of marine snow (aggregated 
phytoplankton and detritus > 500 µm) or as zooplankton fecal pellets causes an average 
carbon flux of 5 PgC yr-1 out of the sea surface (IPCC 2013). The efficiency of this process, 
known as the biological carbon pump (BCP; Volk and Hoffert, 1985), is strongly regulated 
by heterotrophic organisms in the water column. Bacteria and (proto)zooplankton 
commonly respire more than 90% of carbon fixed in the surface ocean back to CO2 – a 
process known as remineralization – before it leaves the euphotic zone, and thereby 
regulate organic matter export to the deep sea (Hedges, 1992). Less than 2% of particulate 
organic carbon (POC) that is fixed in the surface ocean reaches depths beyond 1000 m, 
where carbon can be sequestered over periods of 103 years (Tréguer et al., 2003). 
The amount of biotic remineralization, and thus carbon flux attenuation, is strongly 
related to aggregate settling velocity, since the settling velocity determines the residence 
time of aggregate in the upper 1000 m and thereby the time available for degradation 
(Cavan et al., 2017; Bach et al., 2016; Iversen and Ploug, 2010; Iversen et al., 2010). Natural 
marine snow has high remineralization rates, and typically 80% of the POC contained 
within a slow-settling aggregate is remineralized in the first 200 m of the water column 
(Ploug et al., 1999). Despite the significance of settling velocity for export flux, this 
parameter is not routinely measured. Direct measurements of aggregate settling velocity 
are time consuming and require collection of intact in situ formed aggregates (Riley et al., 
2012). Several methods are used to measure aggregate settling velocity, e.g., net-jet flow 
systems (Ploug and Jørgensen, 1999; Ploug et al., 2008; Iversen and Ploug, 2010), settling 
columns (Silver et al., 1984; Gorsky et al., 1984; Hansen et al., 1996), or roller tanks (Ploug 
et al., 2010; Engel and Schartau, 1999). However, direct measurements of settling velocity 
for in situ formed aggregates are rare. 
Collecting aggregates in situ imposes certain restrictions, such as limited sampling 
depths as well as severely limiting the throughput. Instead, in situ camera systems like the 
Video Plankton Recorder (VPR; Ashjian et al., 2001; Davis et al., 1996) or the Underwater 
Velocity Profiler (UVP; Stemmann et al., 2004; Picheral et al., 2010) have become the gold 
PAPER III 
100 
 
standard for high-throughput vertical profiling of particle abundance, volume, and size-
spectra. Although optical systems do not measure settling velocity, they have increasingly 
been used to calculate carbon flux by comparing to sediment trap fluxes and assuming that 
aggregate size scales as a power function to both settling velocity and mass (Guidi et al., 
2015, 2008; Iversen et al., 2010). 
To indirectly determine flux using in situ camera profiles, aggregate settling velocity 
is calculated according to Stokes’ law (Jackson and Checkley, 2011). Following Stokes’ law 
(Stokes, 1851), settling velocity is a function of the squared particle radius and the excess 
density of marine aggregates. However, it has been observed that settling velocities 
calculated using Stokes’ law tend to underestimate the settling velocity of smaller 
aggregates while overestimating the velocity of larger aggregates (e.g., Stemmann et al., 
2004). Several properties of marine snow, including its highly variable morphology, surface 
roughness and permeability, have been considered to explain the non-compliance with 
Stokes’ law (Laurenceau-Cornec et al., 2015; Li and Logan, 2001; Alldredge and Gotschalk, 
1988; Baba and Komar, 1981; Matsumoto and Suganuma, 1977; Williams, 1966).  
It has been suggested that deviation from Stokes' law due to the heterogeneity of the 
aggregates in the ocean makes it difficult to determine a global relationship between size 
and settling (e.g., Iversen and Ploug, 2010; McDonnell and Buesseler, 2010). However, we 
hypothesize that general relationships can be identified when testing Stokes’ settling for 
different types of aggregates. We used Particle Image Velocimetry (PIV) to visualize the 
flow field around in situ collected aggregates. At the same time, we used impermeable agar 
spheres as a control, since Stokes' law predict their settling well. For both the agar spheres 
and the in situ collected aggregates we compared measured settling velocities to Stokes' 
prediction and related the settling to aggregates' hydrodynamic flow field (from the 
equatorial boundary layer thickness) and other selected descriptors of aggregate structure 
and composition. 
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Material and Methods 
Aggregate collection 
The study was carried out in July and August 2017 on board the B/O Sarmiento de Gamboa 
in the North-West African Eastern Boundary Upwelling System (fig. 1). Aggregates were 
collected non-destructively with a Marine Snow Catcher (MSC; Riley et al., 2010) at depths 
between 20-150 m, and left to settle for 5-10 h. Hereafter, single aggregates were picked 
from the base of the MSC with a wide mouth bore pipette and gently transferred to a vertical 
flow system to record the size, settling velocity and flow field around each aggregate.  The 
flow system was modified from (Ploug and Jørgensen, 1999) to maximize laminarity of the 
water flow (see supplementary information S1 for flow chamber specifications). The water 
in the vertical flow system was collected from the same MSC deployment as the aggregates, 
GF/F-filtered and kept at a constant temperature of 18.2°C (±0.2°C).  
In addition to collecting natural, in situ formed particles, we created agar spheres 
made up of 1% agar (wt/wt) mixed with 1% yeast (wt/wt) dissolved in seawater. They were 
used as model aggregates for impermeable, perfect spheres where solute and gas exchange 
between the interior and the ambient water only occurs via diffusion. Yeast was added for 
the sole purpose of increasing the visibility of the agar spheres. Spheres were formed by 
dripping the agar solution into a layer of paraffin oil and letting the spheres settle out into 
an underlying layer of filtered seawater (Cronenberg, 1994; Ploug et al., 2002). Before use, 
agar spheres were immersed in the same water as used for the experiments for at least 10 
minutes to allow salt to diffuse between the ambient and pore water until equilibrium was 
reached. 
Particle Image Velocimetry (PIV) 
For Particle Image Velocimetry, the water reservoir of the vertical flow system was seeded 
with polyamide particles with a mean diameter of 5 µm and a density of 1.1 g/cm3 (ILA 5150 
GmbH) to track the velocity and direction of water flow around the aggregates. The center 
section of the flow chamber was illuminated with a green LED Pulsing System (LPS2, ILA 
5150 GmbH) attached to an LED head with optics to create a vertical, 500 µm-wide light 
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sheet illuminating the flow chamber (fig. S1). The LPS was pulsed at frequencies ranging 
from 20 Hz at low flow velocities up to 30 Hz for fast-settling aggregates. The upward flow 
in the vertical flow system was adjusted until aggregates remained suspended at a distance 
of approximately 3-5 aggregate diameters above the net to eliminate any interaction 
between surfaces. A series of at least 150 images was recorded with a camera (µEye CP, IDS 
Imaging Development Systems GmbH), with an attached macro zoom telecentric lens 
(computar, TEC-V7X, 47.65 - 106.26 mm). The camera was triggered by the LPS, i.e., the 
frame rate was automatically adjusted according to the LED pulse frequency. 
Particle image velocimetry analysis was performed using the software PivView 
(PivTech GmbH). The PIV pictures were divided into interrogation windows with an area 
of 32 pixels each and a 50% overlap. It was qualitatively ensured that each interrogation 
window contained at least five individual PIV beads.  Cross-correlation of each 
interrogation window between two consecutive images was performed using a discrete fast 
Fourier transform following the Wiener–Khinchin theorem. To maximize spatial 
resolution, multi-grid refinement analysis was performed (Raffel et al., 2018). The result 
was a 2-dimensional velocity matrix with a size of 16 px × 16 px at a resolution of 7 µm/px. 
The procedure was repeated for at least 80 consecutive images using a batch script. Further 
processing was performed in Matlab 2015b (Mathworks).  
Although marine aggregates were mostly stable within the imposed flow 
conditions, slight movements in the range of a few pixels were observed. To avoid any 
blurring while averaging, the movement of the aggregate was corrected using a detection 
algorithm to re-center the aggregate. For this, PIV seeding was filtered from the raw images 
using a 2-dimensional median filter with a pixel size of 6 px × 6 px. Subsequently, the image 
was binarized and the edges of the aggregate were traced. The aggregate was cropped and 
a cross correlation analysis with the subsequent images was performed to determine the 
aggregate movement.  
Based on the position of the center of gravity, a velocity matrix stack composed of 
the 80 instantaneous velocity measurements was created with the centered aggregate. 
Finally, the velocity matrix stack was averaged and the position of the aggregate was 
masked. Aggregates that exceeded a movement of 20 pixels in horizontal or vertical 
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direction within 2-3 seconds of every possible image sequence were excluded from further 
analysis.  
Terminal settling velocity and fluid boundary layer thickness were determined from 
the averaged magnitude of the flow field. For that, a horizontal cross section was extracted 
along the equator of the aggregate. The undisturbed maximum velocity along the cross 
section is equal to the terminal settling velocity of the aggregate.  We then defined the fluid 
boundary layer as the distance between the aggregate surface and the point where the 
velocity increases to 90% of the terminal velocity.   
 Aggregate properties 
We measured properties relating to the settling, porosity and shape of marine aggregates 
to relate them to each other and to numerically describe aggregate settling behavior. 
Selected properties including settling velocity, size, shape factors, solid hydrated density 
and fluid boundary layer thickness were measured directly, while porosity, excess density 
and drag coefficient were derived as described in the following. 
Particle size was measured in three different ways: i) equivalent circular diameter 
(ECD) of aggregates was calculated from the two-dimensional projected area of aggregates 
as determined by the edge detection algorithm described above, ii) equivalent spherical 
diameter (ESD) was calculated from the length of three perpendicular axes of an aggregate 
extracted from two frames representing all three axes, and iii) the x-axis diameter was 
extracted from images of the PIV recording as the diameter of the particle that is 
perpendicular to the falling direction. Because the x-axis diameter has a direct impact on 
the aggregate flow field and is a common input parameter many hydrodynamic equations, 
e.g., the drag coefficient (White 1974), we used the x-axis diameter as the length measure 
for the aggregates throughout this manuscript (see fig. S2 for a comparison of all sizing 
methods). 
For comparison to previous settling velocity measurements, settling velocity of 
aggregates was also directly determined in the flow chamber by dividing the flow rate by 
the cross-sectional area of the flow chamber. For this, settling velocity was recorded for 
aggregates suspended one diameter above the net as recommended by Ploug et al. (2010) 
according to Ploug and Jørgensen (1999). However, PIV results indicated that the flow field 
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around the aggregates were affected by the proximity to the surface. Therefore, PIV 
measurements were recorded with the aggregates suspended 3-5 diameters above the net 
in order to ensure an undisturbed flow field. Unless stated otherwise, the settling velocities 
presented throughout the manuscript are based on the PIV recordings. After recordings in 
the vertical flow system, aggregates were transferred to Utermöhl chambers (Utermöhl, 
1931) and imaged using brightfield, epifluorescence, and phase-contrast microscopy at 
100x-400x magnification for high-resolution imaging of aggregate composition, type, and 
structure. To maximize image resolution, images taken at different depths of field were 
stacked with Zerene Stacker (Zerene Systems LLC).  
To compare the flow field around aggregates of different sizes, the non-dimensional 
Reynolds number was calculated using 
𝑅𝑒 = 𝑤𝑑
𝜌𝑤
𝜂
1 
where w is the measured settling velocity (cm s-1), d is the x-axis diameter (cm), ρw is the 
water density (g cm-3), and η is the dynamic viscosity of seawater (g cm-1 s-1). Theoretical 
settling velocity was calculated using Stokes’ law 
𝑤 =
𝑑2𝑔(𝜌𝑠 − 𝜌𝑤)
18𝜂
2 
where g is gravitational acceleration (981 cm s-1). Excess density (Δρ, g cm-3) was 
calculated using the Stokes’ drag equation (1851) 
∆𝜌 =
𝐶𝐷 𝜌𝑤 𝑤
2
4
3
𝑔𝑑
= (1 − 𝜑)𝜌𝑠 + 𝜌𝑤𝜑 − 𝜌𝑤 3 
where CD is the dimensionless drag force. The drag force (CD) was calculated using the drag 
equation for 1 < 𝑅𝑒 ≤ 2 × 105 (White, 1974) 
𝐶𝐷 = (
24
𝑅𝑒
) +  (
6
1 +  𝑅𝑒0.5
) + 0.4 4 
Additionally, we independently derived the drag coefficient from the fluid boundary 
layer thickness using empirical relationships. We used a cubic polynomial function given 
by 
𝐶𝐷 = 𝑎 + 𝑏𝛿𝑠 + 𝑐𝛿𝑠
2 + 𝑑𝛿𝑠
3 5 
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with a = 8.793, b = -15.046, c = 22.320, and d = -2.636 to mathematically relate the drag 
coefficient to the fluid boundary layer for 0.02 ≤ Re ≤ 20, where 𝛿𝑠 is the equatorial fluid 
boundary layer (𝛿) normalized by the x-axis diameter (d) (see supplementary section S4 for 
a detailed description).  
Aggregate porosity (𝜑) was calculated by re-arranging Eq. 3 as follows 
𝜑 =
∆𝜌 + 𝜌𝑤 − 𝜌𝑠
𝜌𝑤 − 𝜌𝑠
6 
 where Δρ is the excess density (g cm-3) derived from Stokes’ drag equation, and ρs is the 
measured solid hydrated density (g cm-3) for the different aggregate types. The solid 
hydrated density (ρs) of aggregates was determined in a seven-layer density gradient made 
with dilutions from Ludox TM colloidal silica (Sigma-Aldrich), sucrose and distilled water 
(following Gärdes et al. [2011] and Iversen and Robert [2015] who modified the method from 
Schwinghamer et al. [1991], and Feinberg and Dam [1998]). The dilutions ranged in density 
from 1.155 to 1.428 g cm-3. Starting with the densest solution, 2 ml of each dilution were 
gently transferred to 15 ml centrifuge tubes (Corning) and topped with 2 ml of GF/F-filtered 
seawater. Single aggregates were gently added to the topmost layer of the density gradient 
using a wide-mouth bore pipette and left to settle into the gradient at 4°C overnight. The 
following day, 1 ml was sampled from the layer the aggregate had settled into, which is 
representative of the density of the solid components of the aggregate. Samples were kept 
at 4°C in sealed 1ml-tubes until the end of the cruise, and measured with a density meter 
(DMA 38, Anton Paar) back in the home laboratory.  
We characterized the fractal microstructure of the aggregates by determining their 
1-, 2- and 3-dimensional fractal numbers DF1, DF2 and DF3, respectively. Following Kilps et 
al. (1994), the 1- and 2-dimensional fractal numbers (DF1 and DF2), were calculated from 
the slopes of log-log relationships of perimeter and area respectively, against the x-axis 
diameter. The 3-dimensioal fractal dimension was calculated based on the correlation 
between solid material and diameter, following Logan and Wilkinson (1990): 
(1 − 𝜑) = 𝑎𝑑𝐷𝐹3−3 7 
where 𝑎 and DF3 are the fitting parameters. 
To test the effects of aggregate shape on settling velocities, we used images from the 
PAPER III 
106 
 
PIV recording to extract the parameters for morphological roughness, textural roughness, 
and form. Most shape descriptors, including aspect ratio, area:perimeter, circularity, 
sphericity, and form factor, Feret diameter, Paris factor, and solidity, were calculated 
according to Liu et al. (2015), and Heilbronner and Barrett (2013). The Corey shape factor 
(Corey, 1949; McNown and Malaika, 1950) representing particle flatness was also used.  
Results 
Particle type, size and settling velocity 
In total, we collected 141 particles, which we separated into five separate categories (fig. 1, 
fig. 4).  It is important to stress that very few particles were comprised of a single constituent 
and we therefore categorized the aggregates based on their dominant component. 
Marine snow made up 40% of analyzed aggregates and was distinguished from 
other types of aggregates by their heterogeneous composition and structure (compare fig. 
1). Marine snow was formed from diatom chains, acantharia, radiolaria, mucilaginous 
particles from discarded feeding webs, fresh and degraded fecal pellets, copepod carapaces, 
and other unidentified phyto- and zoo-detritus. Because of their large compositional 
variability, we further subdivided marine snow into compact and loose marine snow. They 
were present in equal amounts, with each representing 20% of all aggregates.  
30% of the analyzed aggregates were catagorized as appendicularian fecal pellets 
at various stages of degradation (from here on simply referred to as “fecal pellets”). The 
categorization of fecal pellets was made based on particle size, homogeneous distribution 
of matter, uniform coloring, and the oval shape. 22% were categorized as mucus aggregates, 
as they were solely, or largely, comprised of a translucent, mucilaginous substance 
ostensively originating from discarded zooplankton feeding webs. The remaining 8% of 
analyzed particles could not be assigned to any of the above categories and were classified 
as “other”. They include a dead copepodite, very loose, gel-like mucus, and other 
unidentified organic structures (fig. 1b).  
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Figure 1. a) Chlorophyll a concentration during the sampling period and sampling stations (black dots) with 
white symbols corresponding to representative stations at which the identified aggregate types (b) were 
collected. 
 
  Aggregate x-axis diameter (from now on simply referred to as aggregate diameter) 
ranged from 0.38 to 3.56 mm with a mean size of 1.15 mm (±0.65 SD). Fecal pellets and 
compact marine snow were the smallest collected aggregates (mean size 0.82±0.26 mm and 
0.81±0.29 mm, respectively), while loose marine snow had the largest mean size (1.92±0.74 
mm).  
The settling velocity when measured using consecutive images from the PIV 
recording of aggregates suspended 3-5 diameter above the flow chamber net ranged from 
70 to 720 meters per day (average settling velocity 195±115 m/d). The elevated position 
within the flow chamber resulted in 1.4 times higher settling velocities than the settling 
velocities of aggregates suspended one diameter above the net of the flow chamber (fig. 
S3a). This indicates that the settling velocity is not fully balanced by the imposed flow when 
the aggregate is too close to the flow chamber net. The increase factor was size-dependent, 
with larger aggregates showing bigger differences than smaller aggregates (fig. S3b). The 
settling velocities presented in the following are for aggregates suspended more than 3 
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diameters above the net, i.e., on average 1.4 times higher than those measured using the 
suspension height proposed by Ploug et al. (2010). In some cases, the aggregates were too 
heavy to balance their settling velocity. In these cases, the flow velocity and flow field was 
measured 1 diameter above the net and subsequently the settling velocity was corrected 
using the following equation: 
𝑤𝑃𝐼𝑉 = 23 + 1.4 𝑤1 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 8 
Fecal pellets settled with the lowest average velocities (149±42 m/d) while mucus 
aggregates had the highest average settling velocities (255±149 m/d). There was no positive 
trend observed when looking at settling velocity as a function of size for all types of 
aggregates combined. However, some trends emerged when aggregates were separated into 
different types: Mucus aggregates showed the highest size-specific settling velocities, while 
there was no positive correlation between size and settling of pooled marine snow (fig. 2).  
 
Settling velocity was significantly positively correlated to aggregate size for fecal 
pellets (FP) (p<0.05, R2=0.12), compact marine snow (CMS) (p<0.05, R2=0.29), and mucus 
(M) (p<0.001, R2=0.73), but there was no significant correlation for loose marine snow 
(LMS) (p=0.97, R2=-0.06; one-way ANOVA with Tukey multiple comparisons). There was 
a statistically significant difference in the size-specific settling velocity of loose marine snow 
compared to all other aggregate types (LMS:CMS=p<0.001; LMS:M=p<0.01; 
LMS:FP=p<0.05). CMS and FP also differed in their size-specific settling (p=0.055), while 
there was no difference between FP:CM (p=0.3) and FP:CMS (p=0.3) respectively (pairwise 
t-test, p-value adj. method: Benjamini-Hochberg). 
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Figure 2. Size-to-settling relationship of categorized in-situ collected aggregates with regression lines for 
each type as well as the regression over all samples (purple line). 
 
Flow fields around settling marine snow 
Particle image velocimetry was performed with 108 particles (aggregates and agar spheres) 
to visualize flow fields around settling marine aggregates. Marine aggregates were kept in 
balance 3-5 diameters above the net (unless other stated). In order to compare the flow 
fields of different settling velocities and aggregate sizes, we calculated the Reynolds 
number. Reynolds numbers ranged from 0.48 to 22 with an average of 2.7 (±3.3 standard 
deviation).  
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Figure 3. Velocity magnitude inferred from the PIV results for various Reynolds numbers. Panel A-D are 
showing marine aggregates, while panels E-H are showing agar spheres; please note that the vertical pairs 
are selected based on corresponding Reynolds numbers.  
 
This Reynolds number regime represented an intermediate range above creeping flow 
conditions (Re << 1) and far below turbulent regime (Re > 2300). For Reynolds number Re 
~ 1 the flow field was mostly symmetric, i.e., fluid boundary layer thickness in front of the 
aggregate equaled the lee side fluid boundary layer thickness, with only small variations 
(fig. 3). With increasing Reynolds number, the flow field became increasingly asymmetric. 
Qualitatively, the flow fields of agar spheres and and marine aggregates of various shapes 
matched very well (fig. 4). 
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Figure 4. a-e) Examples of each aggregate type (top row), with aggregate masking applied to images 
extracted from the PIV recording (middle row), and the resulting flow fields (bottom row).  
 
Scaling of boundary layer thickness and drag coefficient with Reynolds number 
To quantify the variations in the flow field for different Re regimes, we estimated the fluid 
boundary layer thickness. The fluid boundary layer ranged from 0.73 to 3.41 mm, and was 
between 0.6 and 3.6 times the size of the diameter (fig. 5a).  
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Figure 5. a) Relationship between the scaled equatorial boundary layer thickness and Reynolds number for 
the different aggregate types and agar spheres. b) based on the scaled boundary layer thickness the drag 
coefficient was estimated following Eq. 5. 
 
Irrespective of the aggregate type, the boundary layer scaled with the Reynolds 
number following a power law (𝛿𝑠 = 2.0 × 𝑅𝑒
−0.33). While the agar aggregates represented 
very spherical shapes, the in situ collected aggregates had very irregular shapes and rough 
surfaces (fig. 1b). Yet, there was no significant difference between the power law coefficients 
for agar spheres and any of the aggregate types (𝛿𝑠 = 2.0 × 𝑅𝑒
−0.33) for all aggregates R2 = 
0.66; (𝛿𝑠 = 2.2 × 𝑅𝑒
−0.37) for agar spheres, R2=0.91), but as indicated by the increased R2 
values, the fitting deviation, i.e., residuals, increased for irregularly shaped aggregates.  
 To investigate the extent to which the deviation between theory and our 
measurements affects settling velocity prediction, the drag coefficient was estimated based 
on the measured boundary layer thickness (Eq. 5 and section S4). In general, the drag 
coefficients for aggregates and agar spheres scaled with the Reynolds number as expected 
from Stokes’ law (Figure 3b, best fit 𝐶𝐷 = 32 𝑅𝑒
0.8⁄ ). Residuals between estimated drag 
coefficients and predicted drag coefficients were calculated: ((𝐶𝐷 − 𝐶𝐷𝑆𝑡𝑜𝑘𝑒𝑠)/𝐶𝐷𝑆𝑡𝑜𝑘𝑒𝑠). 
Residuals were largest for small Reynolds numbers (Re < 1.5), i.e., large boundary layer 
thickness, where the drag coefficient is underestimated by Stokes’ law (up to 5-fold, on 
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average 2-fold). This deviation translates into an overestimation of the settling velocity by 
40% - 120% when calculated by Stokes’ law. For larger Reynolds numbers (Re > 1.5), the 
residuals strongly decreased in magnitude (up to 2 fold, in average 1.5 fold), translating into 
settling velocity overestimation of 20% - 40% when calculated with Stokes’ law. By 
following the White extension for the drag coefficient, the residuals further decreased by 
an average of 30% across the whole Reynolds range and the trend towards overestimation 
of settling velocity for large aggregates was diminished.  
The magnitude of the residuals could not be explained by any of the measured 
individual aggregate properties. Still, the residuals strongly varied between the different 
aggregate types, showing that Stokes Law was better at predicting the settling velocity of 
some aggregate types, especially in the low Reynolds (Re < 1.5) number range. The average 
error in predicting settling velocity based on the White drag coefficient uncertainty was 
estimated to be 10% for fecal pellets and 14% for loose marine snow followed by 18% for 
compact marine snow.  Mucous and other aggregates deviated by 26% and 34%, 
respectively.  
 
Porosity, fractality, shape, and excess density 
Microscope imaging of the sampled aggregates revealed heterogeneous compositions and 
variabilities in the aggregate microstructures between the different aggregate types. To 
investigate the effect of individual aggregate properties on settling velocity and microbial 
colonization, we measured solid hydrated density, diameter, fractality, various shape 
factors, and estimated porosity as well as excess density based on the PIV results and Eq. 5 
(table 1). 
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Table 1. Overview of measured parameters for the different aggregates types. “All aggregates” denote the 
sum of in situ collected particles (excluding agar spheres). 
Type n  d  w  Re ϕ Δρ CD δS DF1 DF2 DF3  
 (#) (mm) (m/d)   (g/cm3)      
All 
aggregates 
95 
1.2 
±0.7 
201 
±125 
2.9 
±3.4 
0.93 
±0.07 
0.016 
±0.018 
21.9 
±21.8 
1.7 
±0.5 
1.2 1.7 2.1 
Marine snow  
(pooled) 
38 
1.4 
±0.8 
196 
±116 
2.9 
±2.6 
0.89 
±0.11 
0.016 
±0.016 
21.6 
±19.6 
1.6 
±0.6 
1.2 1.8 2.1 
Marine snow  
(loose) 
19 
1.9 
±0.7 
203 
±147 
4.1 
±3.0 
0.81 
±0.10 
0.006 
±0.005 
11.2 
±6.4 
1.3 
±0.3 
1.1 2.0 2.0 
Marine snow 
(compact) 
19 
0.8 
±0.3 
190 
±78 
1.8 
±1.2 
0.87 
±0.09 
0.024 
±0.016 
32.0 
±22.9 
2.0 
±0.6 
1.2 1.3 2.6 
Fecal pellets 28 
0.8 
±0.3 
149 
±42 
1.3 
±0.7 
0.93 
±0.08 
0.021 
±0.025 
28.6 
±30.6 
1.9 
±0.5 
1.2 1.4 2.0 
Mucus 21 
1.2 
±0.6 
255 
±150 
3.9 
±5.0 
0.94 
±0.04 
0.013 
±0.009 
17.0 
±10.2 
1.6 
±0.5 
1.1 1.6 1.6 
Other 8 
1.9 
±0.4 
264 
±205 
5.8 
±5.3 
0.98 
±0.98 
0.003 
±0.001 
12.6 
±9.5 
1.4 
±0.4 
0.9 1.1 NA 
Agar spheres 14 
1.3 
±0.4 
203 
±104 
3.2 
±2.6 
0.96 
±0.01 
0.004 
±0.001 
18.1 
±11.4 
1.6 
±0.5 
1.3 2.0 NA 
 
The excess density of the aggregate depends on solid hydrated density and water 
density, related by the porosity (Eq. 3). While solid hydrated density could be measured 
directly, we estimated the excess density using Eq. 5, where the PIV-estimated drag 
coefficient (𝐶𝐷𝑚𝑜𝑑𝑒𝑙𝑙𝑒𝑑) was used to avoid circular reasoning. We found the excess density to 
range over two orders of magnitude from 0.39 mg cm-3 to 99 mg cm-3. The measured solid 
hydrated density based on the different aggregate types varied between 1155 mg cm-3 to 1323 
mg cm-3 only explaining a minor fraction of the variability of excess densities (fig. S4). 
Porosity ranged from 0.7 to 0.997 indicating the large water fraction in the 
interstitials of the aggregate. Despite the large range of porosities, only compact marine 
snow aggregate had a significantly decreased average porosity compared to the other groups 
(Anova, p<0.05). The role of porosity becames more pronounced when looking at the solid 
fraction of the aggregate (1 −  𝜑) (fig. 6). The volume made up by solid material ranged 
from 0.3% to 0.003% encompassing two orders of magnitude and thereby explaining most 
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of the observed variability of the excess densities. The amount of the solid fraction was 
related to the diameter of the aggregate by a power law function ((1 −  𝜑)  = 0.3384 ×
𝑑−1.46). This implies that larger aggregates had an increased porosity, and therefore a 
reduced excess density. This behavior is expected if taking fractal theories as a basis. 
The 1-dimensional fractal number (DF1) (inferred from log-log relationship between 
perimeter and diameter) indicates the roughness of the outer structure relative to a smooth 
sphere. Values around unity are indicating a smooth surface, while larger numbers indicate 
uneven surface with structures that may reach into the boundary layer surrounding the 
aggregates. Agar spheres and fecal pellets showed smooth outer structures and values of 
DF1 were 1.2 and 1.4, respectively. Mucus aggregates, compact marine snow and loose 
marine snow exhibited intermediate roughness with values of DF1 between 2 and 2.4. 
“Other” particle types had the largest DF1 with a value of 3.3.  
The 2- dimensional fractal number (DF2) (inferred from the log-log relationship 
between diameter and area) relates the area of the aggregate to the area of a sphere with 
the same diameter. Values of DF2 varied between 0.35 and 1.4 with means between 0.67 
and 0.95. DF2 values of loose aggregates were on average significantly smaller than the 
other groups with a mean around 0.6. Similar to the diameter, DF2 values were correlated 
to the fraction of solids in the aggregate.  
The 3-dimensional fractal number (DF3) was inferred from the correlation between 
the solid fraction (1 −  𝜑) and the diameter of the aggregate (Eq. 7). Values for DF3 ranged 
between 1.6 and 2.6, being highest for the compact marine snow and lowest for mucus 
aggregates.  
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Figure 6. a) Relationship between aggregate solid fraction and aggregate size for the different aggregate 
types and agar spheres. b) Relationship between aggregate solid fraction, aggregate excess density, and 
aggregate size for the different aggregate types and agar spheres.  
 
Discussion 
We used four independent measurements, (i) aggregate size, (ii) settling velocity, (iii) fluid 
boundary layer to estimate the drag coefficient, and (iv) solid hydrated density, to 
characterize the settling behavior of marine aggregates. We collected particles with a wide 
range of primary-particle composition, sizes and settling velocities that reflect the diversity 
and heterogeneity of in situ formed aggregates and match previously reported values of size 
and settling velocity for natural marine aggregates (Alldredge and Gotschalk, 1988; Nowald 
et al., 2009). 
Marine snow settling velocity is a major determinant of the efficiency of the 
biological carbon pump. Currently there are large deviations between measured and 
predicted size-specific settling. To gain a better understanding of settling of marine 
aggregates, we performed particle image velocimetry with 95 in situ sampled aggregates. 
Visualization of the flow field around the aggregates showed that the fluid boundary layer 
thickness, drag coefficient, and general flow field did not noticeably differ from that of 
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impermeable spheres with similar Reynolds numbers, suggesting that in situ formed 
aggregates behave according to Stokes’ law. 
In line with previous comparisons of size-to-settling relationships for marine 
aggregates, we also observed that Stokes' law underestimates the settling velocities of small 
aggregates and overestimates the settling velocity of larger aggregates (Stemmann et al., 
2004). This deviation seems to be due to the fractality of marine aggregates making their 
porosity increase with increasing size following a power-function (Jagt et al., 2018; Iversen 
and Robert, 2015; Iversen and Ploug, 2010; Alldredge and Gotschalk, 1988). The increased 
porosity for large aggregates caused the excess density of our aggregates to decrease 
noticeably with increasing diameter. This resulted in lower settling velocities for large 
aggregates than predicted by Stokes’ law. The drag coefficient, estimated from the boundary 
layer thickness, scaled with the Reynolds number.  
As expected from the Reynolds number regime (Re = 0.5-24), the Stokes’ drag 
(CD=24/Re) was not sufficient to predict settling velocity. The White relationship (Eq. 4, 
White 1974) as well as our best fit 𝐶𝐷 = 32 × 𝑅𝑒
−0.8 yielded a significant improvement. By 
applying the drag as well as the porosity relationships, the controlling variables can be 
reduced to diameter, solid hydrated density, gravitational acceleration, water viscosity and 
density. Knowing these parameters, the settling velocity of marine aggregates can be 
calculated in a straightforward manner by combining equations 2, 3, and 8 as presented in 
fig. 7. 
 
Figure 7. a) Modelled settling velocity for aggregate diameters between 0.5 and 3 mm and solid hydrated 
densities ranging from 1.05 to 1.4 g/cm-3. b) and c) comparison of model results with the here presented 
data and previous studies, respectively. 
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Even though the model predicts the magnitude and trends well, larger uncertainties 
can be observed which are mainly induced by the solid hydrated density which, despite the 
comparatively low content of solids in marine aggregates, contributes significantly to the 
settling behavior of marine snow. Solids can affect marine aggregate settling in two major 
ways: the density of solid components affects marine snow by increasing the mass, i.e., 
excess density. At the same time, the shape and properties of solids affect how tightly they 
can be packed within an aggregate (the compactness) and directly affect the porosity of the 
aggregate. The solid hydrated density is likely to be determined by the phytoplankton 
community, i.e., domination by diatoms or coccolitophorids (Iversen and Ploug, 2010; 
Laurenceau-Cornec et al., 2015; Engel et al., 2009) and ballasting by dust particles (Jagt et 
al., 2018). However, it remains a task for future studies to investigate the regulatory 
mechanisms for solid hydrated density. 
Furthermore, we did not find any indication that irregularities in aggregate shape 
influenced the drag coefficient, even when comparing between aggregate types and to agar 
spheres (fig. 5b). This supports previous studies which found that shape, permeability, and 
surface roughness are poor predictors to settling velocity (Williams 1966; Matsumoto and 
Suganuma, 1977; Baba and Komar, 1981; Alldredge and Gotschalk, 1988; Li and Logan, 2001). 
Overall, we did not find any difference in physical properties, including settling behavior, 
between the in situ formed aggregates and the impermeable agar spheres.  
This not only shows that Stokes' law is a good predictor for settling once the solid 
hydrated density is known, but also that in situ aggregates are impermeable despite their 
high porosities. This has been explained be the presence of high concentrations of 
transparent exopolymer particles (TEP) that may limit advection rather than diffusion 
within aggregates (Ploug et al., 2008). TEP is also the most likely reason that large 
aggregates, albeit being highly porous, are not permeable, as they occupy the vast majority 
of the pore space, and constitute a much larger amount of the “non-water” fraction than 
solid components (Engel et al., 2002; Passow, 2002). This suggests that in situ aggregates 
are purely diffusive systems where any mass transport to or from the aggregates has to occur 
across the diffusive boundary layer.  
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That aggregates are purely diffusive also implies that organisms have to be motile in 
order to colonize a settling aggregate. It has not been conclusively shown if bacterial 
colonization is a purely active process requiring chemotaxis and motility, or if aggregates 
indiscriminately scavenge bacteria out of the water column as they settle. Despite the high 
porosities measured and the fractal nature of marine aggregates, there was no indication 
advective flow through the aggregates during our PIV experiments. This indicates that 
bacterial colonization would occur from the outside or while forming and due to a fluid 
flow through the aggregate. Several studies have used the approach of comparing free-living 
versus attached bacterial assemblages on aggregates and at different depths in the water 
column to address this question. Case studies from a panoceanic cruise (Mestre et al., 2018), 
the Fram Strait (Fadeev et al., in prep.), the Scoresby Sund fjord system (Hufnagel et al., 
unpublished data) and from the Northeast African Upwelling System (Bachmann et al., 
2018; Thiele et al., 2014) have all shown that particle-attached bacterial assemblages 
resemble free-living assemblages in the surface more closely than those at any other water 
depth, including the depth at which the particle was collected. This strongly suggests that 
most bacteria already colonize marine aggregates in the ocean surface before they start 
settling out, or that they colonize smaller particles that then aggregate and form the marine 
snow particle. 
On a microscale, the fluid boundary layer around a settling particle presents a 
physical barrier to bacteria, which they have to actively cross. As shown in this study, the 
fluid boundary layer thickness scales mainly with settling velocity, i.e., size-normalized 
fluid boundary layer becomes thinner with increasing settling velocity, meaning that the 
distance bacteria would have to cross also becomes shorter. However, the shear stress also 
increases as a result of stronger velocity gradients. This presumably makes it more difficult 
for bacteria to cross the fluid boundary layer. On the other hand, shear stress has been 
shown to lead to bacterial rheotaxis (Marcos et al., 2012) and trap bacteria (Rusconi et al., 
2014). The trade-off between boundary layer thickness, shear stress, and rheotaxis begs the 
question if there is an optimum in the fluid boundary layer thickness-to-settling velocity 
relationship where bacteria can attach to a settling aggregate. 
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In this study, we found the boundary layer thickness to range between 0.73 and 3.41 
mm. Assuming a body length of 0.4 to 2 µm, this means that bacteria would have to swim 
400 to 8000 body lengths to cross the boundary layer, all while the particle continues to 
settle. Assuming a chemotactic velocity towards a higher solute concentration of 10 µm/sec 
(Stocker and Seymour, 2012) and ignoring continued settling and possible hindrance by 
shear stress, it would take the bacteria 1-5 minutes to cross the boundary layer. However, 
while the surface roughness of marine aggregates does not seem to influence the flow field 
or the settling velocity, it could be responsible for scavenging of bacteria as the aggregate 
sinks through the water column. In our recordings, we did observe PIV beads getting stuck 
to the aggregate, especially when the aggregates had irregular shapes with parts of the 
aggregate surface intruding into the boundary layer. This suggests that the outer shape and 
microstructures along the surface of marine aggregates can have important implications for 
mass transfer and for microbial colonization of settling aggregates.  
In summary, the resemblance of flow fields around natural marine aggregates to 
those of agar spheres, supports previous findings that microstructures do not decisively 
affect settling velocity and that aggregates settle in accordance with Stokes’ law. This also 
indicates that marine aggregates are diffusive systems with negligible advective flow, which 
consequently suggests that chemotactic behavior is required for bacteria to sense and 
attach to settling aggregates. Still, some of the PIV beads were observed sticking to the 
outside of the aggregates, suggesting that the intrusion of microstructures on the aggregate 
surface into the fluid boundary layer leads to passive scavenging of particles and 
microorganisms. This microstructure-related scavenging is likely a major mechanism by 
which ballast and microorganisms are entrained in marine aggregates as they settle through 
the water column.  
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Supplement 
S1. Flow chamber modifications  
Figure S1. a) Flow chamber set-up on board B/O Sarmiento de Gamboa. The aggregate is freely suspended 
in the chamber and illuminated by a light sheet (green). a) Modified net-jet flow chamber with an 
optimized inlet to allow for an undisturbed laminar flow.  
 
S2. Comparison of sizing methods and settling velocities 
Figure S2. Differences in aggregate diameter based on the sizing method. Asterisks (*) denote a significant 
difference in SHD (pairwise t-test, p value adjustment method: Benjamini-Hochberg method). 
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Figure S3. Size dependence of increase factor of settling velocity between PIV measured settling velocity 
and flow velocity-measured settling velocity (n=87). 
 
S3. Comparison of solid hydrated densities 
 
 
Figure S4. Comparison of solid hydrated density between different aggregate types. Asterisks (*) denote a 
significant difference in SHD (pairwise t-test, p value adjustment method: Benjamini-Hochberg method). 
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S4. Derivation of the drag coefficient from the fluid boundary layer thickness  
In order to obtain a mathematical relation for the drag coefficient as a function of fluid 
boundary layer we considered stagnant spherically-shaped impermeable aggregate of 
radius R subjected to a constant upward velocity U∞ at the far field. The Lattice 
Boltzmann method was employed to numerically solve the incompressible Navier-Stokes 
equations and to obtain the full velocity field around the aggregate (see Moradi et al. 
[2018] and references therein for model validation). The drag coefficient was calculated 
according to 
𝐶𝐷 =
2𝐹
𝜌𝑈∞2 𝐴
9 
in which F is the upward component of the total force acting on the aggregate by the fluid 
along the z direction, ρ is the fluid density and A= πR2 is the reference area. The upward 
force and the fluid boundary layer (BL) were calculated using the Newton's second law of 
motion and the determination of the distance from the aggregate center at witch fluid 
velocity reached 90% of U∞, respectively. In fig. 1 we have plotted the drag coefficient and 
its corresponding normalized boundary layer calculated at different far-field velocities. 
 
Figure S5. Drag coefficient plotted against the fluid boundary layer with simulation results vs the fitted 
model.  
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As shown, a cubic polynomial function given by 
𝐶𝐷 = 𝑎 + 𝑏𝛿𝑠 + 𝑐𝛿𝑠
2 + 𝑑𝛿𝑠
3 10 
with the fitting parameters a = 8.793, b = -15.046, c = 22.320 and d = -2.636 can 
mathematically relate the drag coefficient of sinking spherical aggregates and the fluid 
boundary layer for the considered range of Reynolds numbers (0.02 ≤ Re ≤ 20) where Re is 
defined based on aggregate diameter. In the above equation 𝛿𝑠 denotes the fluid boundary 
layer (δ) normalized by the x-axis diameter (d). 
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Graphical abstract 
 
 
Abstract 
Microplastics influence the transport of organic matter from the ocean surface to the deep 
sea by altering the settling behavior of marine aggregates. We formed diatom aggregates 
with differing concentrations of microfibers and observed that microfiber addition 
stimulated aggregate formation, but decreased structural cohesion and caused them to 
break apart more readily, resulting in a smaller average size. Microfiber addition also 
reduced the settling velocity of diatom aggregates in laboratory simulations of particle 
export using roller tanks. Slower sinking extends aggregate retention time in the upper 
ocean, thereby increasing the time available for organic matter remineralization in the 
upper water column. Our laboratory experiments suggest that microfiber concentrations 
typical of those occurring in the ocean decrease potential export flux by 30-60%. If 
confirmed in situ, this means that present day microfiber concentrations in surface waters 
may substantially reduce the efficiency of the biological carbon pump relative to the pre-
plastic era.  
PAPER IV 
137 
 
Introduction 
High production and usage of plastics in combination with poor waste management has 
resulted in enormous amounts of plastic litter in the oceans1, 2. Increasing amounts of plastic 
debris in the marine environment are affecting marine processes and ecosystem functioning 
3, 4. Plastic particles with sizes between 0.1 µm and 5 mm, referred to as microplastics 2, are 
of particular concern because of their pervasiveness in marine food webs 5, 6. Microplastics 
originate from materials used in manufacturing, cosmetics, and washing machine effluent 
in the form of microfibers (“primary” microplastics) as well as from fragmentation of 
macroplastic debris (“secondary” microplastics) 1,7. Of these, synthetic microfibers from 
washing machine effluent constitute the single largest source of marine primary 
microplastics 8, 9. 
Microfibers have been observed to accumulate in deep sea sediments at 
concentrations up to four orders of magnitude higher than in surface waters 10. This is at 
odds with the fact that most microfibers are positively buoyant 11,12 and it has therefore been 
hypothesized that microfibers reach the deep sea after incorporation into settling material 
such as marine snow 10,13. Marine snow, i.e., aggregates larger than 0.5 mm, form through 
the aggregation of smaller particles, typically diatoms and other planktonic organisms,  
polymeric substances, cell debris and fecal pellets from protists and zooplankton14, 15. It is 
the settling of marine snow that drives the biological carbon pump (BCP) by exporting 
carbon fixed by phytoplankton from the surface to the deep ocean16. The efficiency of the 
BCP is determined by the turnover and settling velocity of marine snow17-19.  
Microplastics have been shown to be efficiently incorporated into aggregates, 
subsequently leading to the downward transport of microplastics in the water column 12,20. 
At the same time, incorporation of microplastics into marine aggregates make them more 
buoyant and cause the aggregates to sink more slowly than they would without microplastic 
12,21. Most studies to date have focused on the transport of microfibers, but not on the impact 
from microplastic on particulate organic carbon (POC) export. To improve predictions of 
the efficiency of the BCP in a world with ever-increasing amounts of plastic 22, studies are 
needed to assess the impact of microfibers on the settling velocity of marine snow. In this 
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study, the ubiquitous diatom Skeletonema marinoi was incubated with four different 
concentrations of synthetic microfibers common in clothing fabrics to assess their influence 
on aggregation dynamics and settling velocity. 
 
Results 
Aggregate formation and structure 
We incubated the diatom Skeletonema marinoi in roller tanks with four different microfiber 
concentrations: no microfibers and low, medium, and high concentrations of microfibers. 
The low and high concentrations were representative of microfiber concentrations 
observed in the English Channel and the Atlantic Ocean, respectively37,38. The aggregate 
sizes and settling velocities were determined from video recordings following the method 
by Ploug et al. 23 as described in Materials and Methods. During the first 48 h of roller tank 
incubation, aggregate formation followed a similar pattern in all treatments, with 7-10 
comparably sized aggregates formed (fig. 1). Aggregation dynamics started to diverge 
between 48 h and 118 h: At zero, low, and medium microfiber concentrations, both the 
number and size of aggregates increased. At high microfiber concentration, average 
aggregate size also increased but the number of aggregates remained low. From 118h, there 
was a continued increase in larger aggregates accompanied by a decrease of smaller size 
classes in the control treatment with no added microfibers. This effect was not as 
pronounced in the treatments with added microfibers, especially at medium and high 
concentrations.  
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Figure 1. Aggregate abundances in the different size-bins throughout the study. Each panel show the 
distribution of aggregates sizes for the four different treatments: i) without addition of microfibers (Control) 
and for low, medium, and high amounts of microfibers added to the diatom (S. marinoi) incubations.  
 
Aggregate settling velocity 
We determine the size-specific sinking velocities of the formed aggregates in the different 
treatments at five time points during the incubations; 24 h, 48 h, 118 h, 143 h, and 163 h. 
Over the course of the experiment, some aggregates were observed to be positively buoyant, 
i.e., they were rising rather than sinking. These aggregates were only observed in the 
treatments to which microfibers were added, and overall the number of positively buoyant 
aggregates decreased over time (fig. 2): After 24 h of roller tank incubation, 22% of the 
aggregates in the microfiber treatments were rising with a mean velocity of 6.0 (±2.8)             
m d-1. This decreased to only 10% of the aggregates at 48 h (10.9 (±5.2) m d-1) and at 118 h 
none of the aggregates were rising. After 143 h, 10% of the aggregates in the microfiber 
treatments were rising with a mean velocity of 3.8 (±1.85) m d-1 (fig. 2).  
A clear positive relationship between aggregate size and settling velocity was only 
established after 48 h (fig. 2). The size-to-settling relationship followed a power function 
for all treatments and the size-specific settling velocity was generally lower for the 
microfiber treatments compared to the control treatment without added microfibers (fig. 
2). After 143 h we also observed that the size-specific sinking velocities decreased with 
increasing microfiber concentrations (fig. 2). 
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Figure 2. Aggregate settling velocities plotted against their equivalent circular diameter throughout the 
study. The microfiber was added in four concentrations: no addition of microfiber (None) and as low, 
medium and high concentration of microfibers. We only plotted the regression lines if their slope was 
significantly different from zero (Table S2).  
 
Potential export flux 
Total aggregated volume did not significantly differ between treatments (χ2 = 5.8205, df = 
3, p = 0.1207) (fig. 3A). POC and PON (particulate organic nitrogen) content of individual 
aggregates decreased with increasing microfiber concentration, with a change in POC from 
303 to 93 µgC per aggregate, and in PON from 40 to 12 µgN per aggregate (fig. 3B). 
Combined, the decrease in carbon content and decrease in size-specific settling velocity in 
the microfiber treatments resulted in a reduction in potential carbon flux compared to the 
control (fig. 3C). This reduction was up to 60% in the treatment with high microfiber 
concentrations (Table S1).  
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Figure 3. Total aggregate volume (A), total aggregated POC (B) and Potential POC flux (C) for aggregates 
averaged from days 5, 6, 7 from all treatments.  
 
Discussion  
In this study, we investigated the effect of microfibers on the formation and settling 
velocity of marine snow to assess how plastic pollution in the oceans might impact the 
efficiency of the biological pump. It has previously been suggested that marine aggregates 
are vehicles for vertical transport of buoyant microplastic to the seafloor10, 12, 21. 
Incorporation of microfibers into aggregates had a notable impact on their properties. The 
aggregates formed in microfiber treatments were more abundant, but smaller, and with 
lower settling velocities than aggregates in the control treatment, both of which have the 
potential to decrease the magnitude of export flux.  
In general, a smaller aggregate will sink more slowly than a large aggregate of 
similar composition, but this was not the only reason for the observed lower sinking 
velocities. Size-specific sinking velocities also decreased as a function of increasing 
microfiber concentration. This indicates that the decrease in settling velocities observed 
in the microfiber treatments was due to increased buoyancy of the aggregates. In fact, 
during the first phase of the study we observed positively buoyant aggregates. However, 
over time the sinking velocities of the microfiber-rich aggregates did increase, which is 
typical for aging aggregates due to an increase in density over time 18. 
The reduced settling velocity of aggregates in the treatments with added 
microfibers combined with lower carbon content led to a reduction of the estimated 
potential carbon flux compared to the treatment without microfibers. This reduction was 
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in the range of 30 to 60 % for microfiber concentrations typical of those found in the 
English Channel and Atlantic Ocean, respectively. We hypothesize that the reduction in 
carbon flux is likely even higher in situ, as reduced settling velocities would prolong the 
residence times of microfiber-containing aggregates in the ocean surface. Prolonged 
residence times would extend the time available for microbial remineralization in the 
upper water column, as well as increase the probability of encounters with aggregate-
feeding zooplankton such as copepods24-26, salps27, polychaetes 28, and protozoans 29, 30. 
Together, this would result in higher microbial degradation and turnover of microfiber-
containing aggregates in the upper water column where respiratory CO2 production will 
be readily exchanged with the atmosphere. Hence, incorporation of buoyant microplastics 
into aggregates may substantially reduce the efficiency of the biological carbon pump in a 
high plastic world. 
There has been an increase of plastic in solid waste from 1% in 1960 to 10% in 200531. 
Geyer et al.22 reported that in the year 2015, 6.3 million metric tons of plastic ended as up 
as waste products, with 79% accumulated in landfills or the natural environment. For 2010 
alone, it is estimated that 4 to 12 million metric tons of plastic waste entered the oceans31. 
It is clear that all major ocean basins are already heavily contaminated by microplastics32, 
33, and plastic debris is currently found throughout the marine environment2. This implies 
that the functioning of the biological carbon pump could already be compromised by 
microplastic pollution. Consequently leading to ocean services not working at peak 
efficiency in their efforts of mitigating the ever increasing atmospheric CO2 levels via 
carbon sequestrations in the deep ocean and sediments. 
 
Material and Methods 
Microfiber composition and phytoplankton cultures  
We used microfibers less than 3 mm in size in different concentration to form marine snow 
together with a constant concentration of diatoms. We determined the microfiber 
composition using a confocal Raman microscope (NTEGRA Spectra; NT-MDT, Eindhoven, 
The Netherlands). Spectra were acquired using an excitation line of 532-nm from the solid-
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state laser and an Olympus 100x objective (NA = 0.9). Data were recorded using the 
software Nova_Px 3.1.0.0. (NT-MDT, Eindhoven, The Netherlands). The Raman spectra 
showed that the microfibers were primarily composed of dyed cotton and polyamide (fig. 
S1). This was identified from comparisons to known Raman spectra of dyed cotton and 
polyamide (Lepot et al. 2008). Still, some peaks within the spectra were unmatched (fig. 
S1), suggesting that the microfiber contained additional materials. 
Cultures of Skeletonema marinoi (Sarno & Zingone)35 were grown in GF/F-filtered 
Arctic seawater with salinity 32 enriched with f/2 medium36 and silicate at a 1:1 molar ratio 
of silicate to nitrate. Cultures were grown at 15°C under a 14:10 h light:dark cycle at 150 µmol 
photons m−2 s−1 until they reached the stationary growth phase  at 5.85 x 107 cells mL-1. 
 
Aggregate formation and settling velocity 
Aggregates were formed by incubating S. marinoi cultures at a concentration of 5.4 x 104 
cells mL-1 in four 1.15 L roller tanks and rotating them at 3 rpm at 15°C under low light 
conditions (~30 µmol photons m−2 s−1). The microfiber concentrations added to each of the 
four roller tanks were representative of current oceanic concentrations: 
 i) low concentrations (“low”) of 240 (±0.2) microfibers L-1. This amount is close to 
concentrations found in the western English Channel (~ 270 microplastics L-1)37,  
ii) medium concentrations (“medium”) of 680 (±0.9) microfibers L-1;  
iii) high concentrations (“high”) of 840 (±1.1) microfibers L-1. This is in the range of 
concentrations found in the Atlantic Ocean (1150 microplastics L-1)38, 
iv) no fibers (“zero/control”) were added to the fourth roller tank, which acted as a control 
without microfibers.  
At five time points over a period of 163 hours (24h, 48h, 118h, 143h and 163h), recordings of 
the rotating tanks were made with a DSLR camera equipped with a 50 mm lens. This 
enabled detection of aggregates larger than 0.5 mm for measuring aggregate formation, size 
distribution, abundance, and size-specific settling velocities for each treatment. Aggregate 
size was measured using the projected area of each aggregate and calculating the equivalent 
circular diameter (ECD). 
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The video recordings were used to determine size-specific sinking velocities of the 
formed aggregates based on the method developed by Ploug et al 23. This method is based 
on the observation that aggregates follow circular trajectories around a center (xn) from 
which the settling velocity can be predicted knowing the distance between the aggregate 
orbit center to the center of the roller tank (xb). A circle radius (Rn) was calculated for the 
center position of each aggregate using the equation 
𝑅𝑛 = √( 𝒙𝒏 – 𝒙𝒃 )𝟐  +  (𝒚𝒏 – 𝒚𝒃 )𝟐 1 
where 𝒙𝒏 and 𝒚𝒏 are the particle positions, n= 1, 2, …., N, and (𝒙𝒃, 𝒚𝒃) is the putative centre 
of the aggregate orbit. Using the radii and the orbit center position an idealized circle was 
plotted. The circle was manipulated to find the best fit of the actual aggregate orbit, Rn, to 
the center position for each aggregate. The value produced for xb was used to calculate the 
aggregate settling velocity using the equation  
𝑥𝑏  =  
𝑾𝒔
𝝎
 =  𝑤𝑠 ×
𝑇
2𝜋
2 
where ws is the settling velocity of the aggregate (cm s-1), ω = 2π/T is the rotation rate (s-1) 
and T is the rotation period of the roller tank. 
 
Potential export flux 
At the end of the experiment, one aggregate of known volume from each of the four 
treatments was filtered onto 25 µm pre-weighed GF/F filters. Filters were dried at 40 °C for 
48h and re-weighed on a Mettler Toledo (UMX2) balance with a sensitivity of ±0.1 µg to 
determine their volume-specific dry weight (DW). After fuming with hydrochloric acid, 
filters were measured with an EA mass spectrometer (EA-IRMS, ANCA-SL 20-20, Sercon 
Ltd. Crewe, UK) with a precision of ±0.7 µgC to determine the PON and POC content of 
aggregates. The potential export flux was estimated for each treatment as an average of the 
final three time points (118h, 143h and 163h) of the experimental period. This was done for 
each treatment by using the POC-to-volume ratio to determine the POC content per 
aggregate and multiplying with the measured settling velocity to get potential POC flux 
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from each aggregate. The potential POC flux was summed for all aggregates in each 
treatment to get total potential export flux using the equation  
∫ 𝐹𝑙𝑢𝑥 = ∫
𝑃𝑂𝐶𝑖
𝑉𝑤
∞
𝟎
𝒘𝒊 3 
where POCi is the size-specific POC content (gC) of each aggregate, i= 1, 2, …, I, Vw is the 
water volume (0.00115 m3 for the roller tanks used), and wi is the settling velocity (m day-1) 
of each aggregate, i= 1, 2, …, I.  
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Supplement 
Figure S1. Raman spectra of rope sample used in experiments a, dyed cotton fiber; b (from top to bottom) 
undyed cotton, PET and polyamide; c, the rope sample.  
 
Table S1. POC and PON content of aggregate, calculated flux of carbon calculated from each roller tank each 
corresponding to number of microfibers per liter at the end of the experiment (tfin).  
Treatment 
Microfiber 
conc. (L-1) 
POC  
(µgC agg-1) 
PON  
(µgN agg-1) 
Aggregates 
at tfin (n) 
Estimated flux  
(gC m-2 d-1) 
% decrease in flux 
compared to control 
Control 0 302.84 39.69 7 1089.57 - 
Low 240 (±0.2) 254.44 35.01 14 747.74 31 
Medium 680 (±0.9) 222.57 27.30 18 531.58 51 
High 840 (±1.1) 93.43 11.72 13 411.57 62 
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DISCUSSION 
The methods developed in Paper I and Paper II to thin-section and stain structurally 
preserved marine aggregates visualized the ubiquity of microbial colonizers throughout 
the entire aggregate matrix. This is further confirmation of aggregates being microbial 
hotspots in the water column (Azam and Long, 2001; Azam, 1998) or, put another way,  
“cities of bacteria”, where bacterial cell numbers can be 1-4 orders of magnitude higher 
than in the surrounding seascape, which in comparison is relatively sparsely populated 
(Thiele et al., 2014; Simon et al., 2002).  
Despite the attractions of city life, there are stark differences in the bacterial 
assemblage in settling aggregates compared to the ambient water column (Bachmann 
et al., 2018; Mestre et al., 2018; Thiele et al., 2014; Fadeev et al., in prep.) once aggregates 
have settled out of the euphotic zone. This indicates that there is limited colonization 
of aggregates at depth, and suggests that changes in bacterial assemblages arise from 
successional dynamics rather than new colonization. Paper I and Paper II further show 
the high variability in structure and composition between aggregates, and, most 
importantly, within aggregates as well.  
The microstructures within single aggregates give rise to a wide range of 
microniches that can enable successional divergence and affect how the particulate 
organic matter in marine aggregates is remineralized. Paper III shows high similarities 
between the flow fields of in situ collected aggregates and agar spheres, meaning that 
aggregate settling behavior is comparable to that of impermeable spheres and that 
aggregates are largely impermeable.  
Without large channels that permit advective flow, diffusion kinetics control 
mass transfer, both within individual aggregates but also between aggregates and the 
ambient water column. Additionally, the diffusion kinetics create strong gradients of 
gases (e.g., O2) but also solutes that can act as attractants for nearby colonizers, e.g., 
bacteria and grazing zooplankton. This supports previous studies that found marine 
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aggregates to be dominated by diffusion with little to no advection (Ploug and Passow, 
2007; Ploug et al., 2002).  
 
1. Bacterial motility and aggregate colonization  
Before considering the processes by which bacteria colonize settling aggregates, it is 
important to remind oneself that marine aggregates do not start out as sterile particles 
that only get colonized during settling. All the constituents that make up the marine 
snow matrix, i.e., phytoplankton cells, fecal pellets, larvacean houses, and many more 
(see Introduction), are already inoculated with their own bacterial communities (Sapp 
et al., 2007) that inhabit their respective “phycospheres” (Seymour et al., 2007; Bell and 
Mitchell, 1972). This is supported by the ubiquity of bacterial cells throughout the 
aggregate matrix as visualized in Paper I and Paper II and is a likely contributor to the 
diversity of microniches inside marine aggregates.  
 
Motility and aggregate formation 
Colonization of single phytoplankton cells in the ocean surface is very different from 
colonizing a settling aggregate: Motility, and attachment of bacteria to suspended (e.g., 
phytoplankton) cell surfaces in the upper ocean is mediated via the excretion of EPS 
(Liu et al., 2016; Amin et al., 2012). EPS production has been correlated to enhanced 
biofilm formation (Amin et al., 2012; Rinta-Kanto et al., 2012) but their role in the 
formation of marine aggregates compared to, e.g., TEP (the anionic subclass of EPS) 
remains poorly understood. As a thought experiment, one could imagine that bacteria, 
after colliding with a phytoplankton cell in the ocean’s euphotic zone, secrete EPS to 
move around in the phycosphere (Liu et al. 2016, Amin et al. 2012). Some classes of EPS, 
such as TEP, are sticky and glue particles together, which leads to the formation of 
larger particles with stronger chemical signatures (and stronger chemical gradients 
because clogging of pore space with EPS and TEP leads to impermeability). This will 
attract more colonizers, which then in a self-reinforcing process will produce more EPS, 
thus making the particles stickier, and eventually lead to the formation of marine snow. 
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EPS secretion may not only enhance aggregate formation, but also have a potentially 
long-lasting impact on aggregate structural properties: Imaging of aggregate thin-
sectioning in Paper I showed channels in the Ruthenium Red-stained matrix with 
elevated bacterial cells concentrations, which could be a marine equivalent to certain 
soil bacteria that build EPS microchannels to direct bacterial motility and signaling 
(Berleman et al., 2016). Hence, detailed imaging of structurally preserved aggregates 
(Paper I) may provide information about the swarming behavior and gliding motility 
of bacteria inside aggregates, which can in turn help to better understand the microbial 
ecology and micro-niches within settling aggregates.  
 
Motility and settling aggregates 
Active attachment to settling aggregates requires chemotaxis that is rapid enough to 
enable crossing the fluid boundary layer and attaching to the aggregate before it has 
settled past (Paper III). Intuitively, one would assume that slow-settling particles are 
easier to colonize. However, there are many factors that play a role in microbial 
attachment and they are not easy to disentangle. For example, there is an inverse 
relationship between settling velocity and the thickness of the fluid boundary layer 
(Paper III). The thin fluid boundary layer coupled with strong chemical gradients 
associated with the diffusive boundary layer could mean that it is easier for bacteria to 
detect a fast-settling aggregate and cross the boundary to colonize it. In addition, the 
formation of stable vortices at the back of very fast settling aggregates (Re > ~5-15; fig. 
1) can lead to a “back-flushing” of bacteria that are entrained in these vortices, and will 
be directed onto the aggregate surface. While we did not directly observe vortex 
formation in the PIV recordings, 6% of aggregates analyzed with PIV (n= 95) had Re > 
10, indicating that there is a relevant fraction of marine aggregates that settle fast 
enough for colonization to happen via vortex formation at the back (Paper III). 
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Figure 1. a) Flow around a cylinder at Re=13, with stable vortex formation at the back. Modified from 
(Dyke, 1982); b) schematic representation of a settling aggregate with similar Re with emphasis on the 
flow direction in the vortex cells that leads to the flushing of bacteria onto the aggregate surface. Image 
credit: Morten Iversen.  
 
Motility and microstructures  
Although aggregate flow fields obtained from particle image velocimetry indicate that 
marine aggregates behave like impermeable spheres and deflect flow around them as 
they sink (Paper III), model studies have shown that microstructures on the aggregate 
surface can lead to passive scavenging of smaller particles in a thin layer at the outer 
surface that is much smaller than the aggregate radius, but larger than the size of the 
primary particles (Stolzenbach, 1993). In fact, interflow across the aggregate surface can 
increase the collision efficiency with small particles (such as bacteria) by an order of 
magnitude for porosities that are typical in marine aggregates (Stolzenbach and 
Elimelech, 1994). Surface microstructures were visible in aggregate thin-sections, and 
likely contributed to the difficulty of defining the aggregate boundary (Paper II). 
Protruding structures were also seen in microscopic images of in situ collected 
aggregates (Paper III), as well as in the masked flow fields of aggregates analyzed with 
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PIV, where structures can be seen to extrude from the aggregate and into the fluid 
boundary, which has the potential to greatly enhance passive scavenging of bacteria 
(Paper III). Stolzenbach (1993) also showed that scavenging is independent of the 
porosity in the interior of the aggregate and will persist even with increasing 
compactness of aggregates caused by microbial degradation. This supports our 
suggestion that surface microstructures might intrude into the fluid boundary layer and 
scavenge minerals and non-motile bacteria as the aggregate sinks (Paper III).  
 
Motility and settling aggregates- a case study 
In an unpublished study, we separately incubated fluorescently stained chemotactic, 
motile Marinobacter adherence, and a non-motile M. adherence mutant (courtesy of 
Matthias Ullrich) with in situ collected marine snow in rotating exetainers to examine 
whether they showed differences in colonization efficiency over time. The study did not 
reveal statistically significant differences in aggregate colonization between the 
chemotactic, motile M. adhaerens and its non-motile mutant. Still, some trends may be 
teased out of the data and I cautiously suggest that the chemotactic, motile M. 
adhaerens strain showed somewhat higher colonization than the non-motile mutant, 
or that there was at least higher variability in aggregate colonization by the chemotactic 
M. adhaerens strain, which could even be indicative of detachment (fig. 2a, putative 
trends indicated by arrows). Furthermore, chemotactic M. adhaerens seemed to more 
efficiently colonize smaller aggregates compared to larger ones (fig. 2b), while there 
was no difference for the mutant strain. Because the mutant non-motile M. adhaerens 
still had its flagellar hook (just visible in fig. 2d below the letter) it is also possible that 
they were passively scavenged by surface microstructures of the aggregates as outlined 
above, meaning that the difference in colonization would have been even more 
pronounced with a non-motile mutant that did not have any appendages.  
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Figure 2. Differences in colonization efficiency a) over time, and b) in relation to aggregate size between 
c) the chemotactic M. adhaerens wild type and d) the non-motile mutant M. adhaerens ΔfliC. The 
encounter kernel is the factor of attached to non-attached cells, taking into account the settling velocity 
and surface area of the aggregates. The arrows in panel a) and b) show the mean of all values, except 
for chemotactic M. adhaerens in panel b), which is the linear regression to the data 
(𝐸𝑛𝑐𝑜𝑢𝑛𝑡𝑒𝑟 𝑘𝑒𝑟𝑛𝑒𝑙 = −39 × 𝐸𝑆𝐷 + 76, R2 = 0.12). Images of M. adhaerens are modified from 
(Sonnenschein et al., 2011). 
 
Motility and hydrodynamic trapping 
The observed differences in colonization efficiency of the chemotactic M. adhaerens 
with changing aggregate size may be partially explained by the effect of hydrodynamic 
trapping on the colonization of sinking aggregates (Desai et al., 2019). Hydrodynamic 
trapping describe hydrodynamic interactions between a settling aggregate and a motile 
bacterium that result in the bacterial cell becoming temporarily trapped in the near-
surface flow field of the aggregate (Desai et al., 2019). The “critical trapping radius” as 
Desai et al. (2019) called it in their model paper, is dependent on aggregate size and 
excess density, and hydrodynamics-mediated trapping of bacteria based on the marine 
snow measurements in Paper III was calculated to occur at excess densities of  
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10-4 to 10-3 g/cm3 and an ESD between 0.4 mm and 1.3 mm. This covers a broad range 
of aggregates collected in Paper III, suggesting that hydrodynamic trapping could be a 
frequent occurrence in situ. 
The model by Desai et al. (2019) did not allow contact between the bacteria and 
the aggregate surface which led to tangential movement of bacteria along the surface 
of the aggregate and the possibility to rotate away and escape from the aggregate. 
Although detachment from surfaces has been observed in aggregate colonizers 
(Kiørboe et al., 2003), the presence of microstructure on the aggregate surface (Paper 
I, Paper II, Paper III), as described above, would more likely lead to more permanent 
bacterial scavenging by settling aggregates. 
 
2. Microbial metabolism in aggregate microniches 
Marine aggregates are hotspots of bacterial activity that are structurally and 
compositionally diverse and support highly variable microniches (Paper I and Paper 
II). Niche-partitioning can occur at the single-aggregate level as well as the sub-
aggregate level. Duret et al. (2019) found two different metabolic strategies (K- and r-
strategists) on suspended versus settling aggregates, respectively, which they related to 
difference in organic matter lability between the two aggregate types. This creates a 
close link to microniches inside aggregates. For example, fig. 3d of Paper I shows a 
copepod appendage which is densely colonized by bacteria (stained in blue). Since 
copepod carapaces are made from chitin (Kirchner, 1995), it may be assumed that the 
colonizing bacteria were chitin degraders. Targeted staining of taxonomic groups 
known to degrade specific compounds (e.g., chitin) using FISH-hybridization 
techniques (Paper I) can be used to further characterize such microniches within 
aggregates. In OMZs, the probability of anoxic microniches forming are higher because 
of the low ambient concentration. Ploug and Bergkvist (2015) found that the center of 
marine aggregates may already become anoxic at ambient O2 concentrations below 100 
µM. OMZs are only scarcely populated by zooplankton (Wishner et al., 2013), and 
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microbial remineralization is likely the most important turnover process of organic 
aggregates within OMZs (Cavan et al., 2017). It is therefore important to better 
understand the oxygen distribution within aggregates settling through OMZs to 
determine their importance for nutrient cycling such as denitrification and sulfate 
reduction in aggregates (e.g., Klawonn et al., 2015; Ploug et al., 1997; Paerl and Prufert, 
1987). Aggregate embedding and thin-sectioning can improve the characterization of 
anoxic microniches and show where in the aggregate nitrogen cycling occurs. In 
combination with nanoSIMS and FISH it can be possible to determine rates and identify 
functional groups that drive these processes (Paper I and Paper II). 
 
3. Retention time and colonization of slow-settling, porous aggregates  
Plastic microfiber incorporation into marine snow acts as an anti-ballasting agent 
(Paper IV) that decreases the settling of marine aggregates and reduces the magnitude 
of C flux. This is opposite to the ballasting effects observed from incorporation of 
lithogenic materials which increase settling velocity and export of marine aggregates 
(Jagt et al., 2018; Iversen and Robert, 2015; Iversen et al., 2010; Rocha et al., 2008; 
Hamm, 2002).  
While incorporation of microplastic into aggregates may only have a small effect 
in regions with high mineral ballasting, microplastics may prevent organic aggregates 
from settling in regions with little ballast from either lithogenic material and/or 
biominerals (Paper IV). For example, in regions with high abundances of Phaeocystis 
spp. and high concentrations of microplastics, such as the Arctic Ocean (Bergmann et 
al., 2017), it is likely that microplastic incorporation can retain organic aggregates in the 
upper water column where they are recycled.  
It is important to emphasize that a decrease in aggregate settling velocity and 
volumetric carbon content already had the potential to reduce carbon export flux by up 
to 60%, and that aggregates do not have to become positively buoyant through 
incorporation of microfibers for microplastics to have an effect on marine carbon 
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cycling (Paper IV). Nevertheless, it is interesting to consider what ratios of microfibre 
content:solid matter content would stop aggregates from settling altogether. Azetsu-
Scott and Passow (2004) used a model to examine the ratio of TEP content: solid matter 
content and its effect on aggregate buoyancy. Based on fig. 3 and Eq. 8 in Azetsu-Scott 
and Passow (2004), TEP in the model is replaced with plastic microfibers with an 
assumed density of 0.9 g/cm3 (Porter et al. 2018). By simulating microfiber 
incorporation into aggregates similar to those collected in Paper III, the buoyancy 
effect from microfibers can be evaluated for different ratios of microfiber content to 
(non-plastic-)solid matter content in: i) loose marine snow (ρs = 1.154 g cm-3), ii) 
compact marine snow (ρs= 1.213 g cm-3), iii) mucus aggregates (ρs = 1.257 g cm-3) and iv) 
degraded fecal pellets (ρs = 1.302 g cm-3) (fig. 3). The water density was averaged from 
values measured in Paper III (ρw = 1.025 g cm-3). 
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Figure 3 (previous page). Ratios of plastic microfiber content to (non-plastic-)solid matter content at 
which different types of aggregates would be rising (any plastic microfiber:solid matter ratio to the left 
of the respective regression line), settling (any plastic microfiber:solid matter ratio to the right of the 
respective regression line), or be neutrally buoyant (any plastic microfiber:solid matter ratio on the 
respective regression line). The solid line indicates the threshold where aggregates are made up 
completely of plastic and solids, with no interstitial water. The hatched area covers a scenario where 
the sum of solid matter content and plastic microfiber content is above 1. This scenario is impossible 
and was hatched for clarity. 
 
For example, a mucus aggregate with 10% microfiber content and 20% solid 
matter content contains 70% porewater and is negatively buoyant. At constant solid 
matter content, it would become neutrally buoyant only if the plastic microfiber 
content rose to ~30%, thereby decreasing porewater content to 50%. The most 
interesting aspect, however, are the responses of different aggregate types to changing 
ratios of microplastic content to solid matter content: As loose marine snow had the 
lowest solid matter density of all aggregates collected in Paper III, a 1:1 ratio of plastic 
microfiber content to solid matter content would be enough to cause neutral buoyancy; 
compact marine snow requires a 3:2 ratio, mucus aggregates a 2:1 ratio, and degraded 
fecal pellets a slightly higher than 2:1 ratio. This is a conservative approach as samples 
were collected off the coast of Mauretania and were probably heavily dust-ballasted 
(Iversen et al., 2010). Secondly, this back-of-the-envelope-calculation does not take into 
account TEP content at all. The reduction of pore space filled with interstitial water by 
clogging with TEP was estimated to be between 10% and 30% (Paper I and Paper II), 
which suggests that the slopes for the respective aggregate types in fig. 3 will be even 
lower and that less plastic is needed to cause aggregates to be neutrally or positively 
buoyant.  
In pycnoclines, the entrainment of porewater leads to the retention of aggregates 
at density interfaces where salinity increases (or decreases) with increasing depth 
(Prairie et al., 2013; Kindler et al., 2010). Without advective flow (Paper III) due to 
pore-clogging by TEP (Paper I and Paper II), this process is purely diffusion-limited 
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and becomes a function of aggregate size, excess density, and the strength of the density 
gradient. Climate change scenarios predict an increase in stratification in the ocean 
surface, i.e., an increase in the strength of density gradients. Water density can either 
decrease in the ocean surface relative to deeper water layers, for example due to 
meltwater discharge, or show a relative increase, for example due to evaporation. This 
can further exacerbate changes in export efficiency due to a change in phytoplankton 
community. For example, increasingly steep density gradients with depth due to 
meltwater discharge in the Arctic Ocean coupled to an increase in non-ballasted 
Phaeocystis spp. can increase remineralization in the surface ocean and limit particle 
export to depth. 
Similarly, reduced settling velocities of microfiber-containing aggregates allow 
more time for degradation and remineralization of marine aggregates by bacteria and 
zooplankton in the upper water column. Natural marine snow has high 
remineralization rates, with 80% of the POC contained in a slow-settling aggregate 
being remineralized in the first 200 m of the water column via microbial degradation 
alone (Ploug et al., 1999). In addition to the reduced size-specific settling velocity, we 
also observed a reduction in average aggregate size (Paper IV), which increases the 
surface:volume ratio of the microfiber-containing aggregates compared to those 
without microfibers. This can support colonization by microorganisms and potentially 
increase the turnover rate of the organic matter within aggregates (Cavan et al., 2017). 
All in all, increased residence time in the euphotic zone due to reduced settling 
velocities coupled with biofilm formation and increased bacterial activity will likely 
result in higher bacterial remineralization rates of marine snow with incorporated 
microplastics, as well as increased grazing by copepods and other zooplankton. From 
Paper IV and Paper SI we can expect some aggregates to settle more slowly in the 
future ocean compared to the present ocean. Decreased settling may cause higher 
turnover of aggregates in the surface ocean through increased microbial colonization, 
remineralization and zooplankton grazing, resulting in a decrease in carbon export and 
a less efficient biological carbon pump in the future ocean.
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OUTLOOK 
Following up on the findings and methods used in Papers I-IV, I am outlining four lines 
of research, and specific projects therein, that can further add to our ever-evolving 
understanding of the processes underlying the marine biological carbon pump: 
Direct visualization of microbial attachment 
Imaging the spatial distribution of selected taxonomic groups across aggregate thin-
sections, especially in combination with specific substrates (Paper I and Paper II), is a 
powerful tool to detect and study microniches inside marine snow, and potentially infer 
life strategies of microbial and protozoan colonizers from their co-localization with 
each other and with substrates in the aggregate matrix.  
Yet, thin-sectioning does not directly reveal the process of microbial attachment, 
and at what stage(s) of aggregation and aggregate settling the attachment happens. 
Because of dynamic aggregation and disaggregation processes, especially in the 
euphotic and upper mesopelagic zone, the localization of colonizers at the center of 
aggregates does not mean that they were there originally. While several studies on 
colonization of stagnant particles have been performed (see Introduction), the effect of 
hydrodynamic forcing on bacterial colonization (Desai et al., 2019) caused by aggregate 
flow fields (as visualized in Paper III) can only be studied on settling aggregates, and 
require a flow through system such as the modified flow chamber presented in Paper 
III. 
To directly study bacterial attachment and aggregate colonization, a way of 
labelling and tracking bacteria incubated with marine snow is needed. Fluorescent 
labelling of bacteria with a live stain, as described earlier, or genetically-encoded 
fluorescent tags can be a way to visually track the attachment of bacteria to settling 
particles. Instead of using a closed system in which aggregates are rotating around a 
very small orbit, the modified flow chamber-system (Paper III) can be used.  
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Seeding of the water with fluorescently labelled bacteria instead of (or possibly 
in addition to) PIV seeding particles, could potentially directly visualize the interactions 
of motile and non-motile bacteria with the settling aggregate. This could be especially 
interesting with differently labelled motile and non-motile bacteria, for example the 
wild type chemotactic M. adhaerens together with motile non-chemotactic, and non-
motile mutants of M. adhaerens (Stahl, 2015). Analogous to Smriga et al. (2016) this 
would enable video microscopy to track the trajectories of bacteria around the 
suspended aggregate. Furthermore, direct visualization and tracking of fluorescently-
tagged bacteria can also reveal the extent of passive scavenging of non-motile bacteria 
by aggregate microstructures. 
 
Direct visualization of metabolic heterogeneity 
Spatially resolved single-cell uptake measurements of microbial colonizers using 
NanoSIMS on aggregate thin-sections (Paper II) are a powerful tool to detect 
microniches and characterize the flow of organic matter between living organisms 
inside aggregates at nanometer-scale resolution. However, isotope labelling poses 
certain limitations to studying in situ collected aggregates as opposed to laboratory-
formed aggregates of enriched phytoplankton. Furthermore, difficulties of combining 
FISH with hard-resin embedding techniques presented in Paper II do not enable 
concurrent taxonomic characterization.  
A complementary method that is potentially suited to study in situ collected 
aggregates is matrix-assisted laser desorption ionization mass spectrometry imaging 
(MALDI-MSI). MALDI-MSI enables analysis of biomolecules produced by organisms in 
marine snow, and can visualize niche partitioning and metabolic heterogeneity within 
single marine aggregates. Metabolic profiling of entire aggregates using mass 
spectrometry has revealed a comprehensive suite of metabolites present in marine snow 
that changes with depth (Johnson et al., 2018). The metaFISH pipeline developed by 
Geier et al. (2019) combines fluorescence in situ hybridization of colonizers (FISH) with 
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analysis of the spatial distribution of selected metabolic products (MALDI-MSI) and 
can be applied to aggregate thin-sections using methods developed in Paper I (pending 
modification of the embedding medium for MALDI-MSI).  
For example, the presence of certain bacterial membrane lipids called hopanoids 
is strongly associated with microaerophilic environments (Blumenberg et al., 2013; 
Kharbush et al., 2013; Sáenz et al., 2011). There is evidence that an isomer of the 
common hopanoid bacteriohopanetetrol is linked to a producer that is more abundant 
in low-oxygen environments (Kharbusch et al., 2013). This way, hopanoids can act as 
biomarkers to identify microniches of anaerobic metabolism inside aggregates 
(Kharbusch et al., 2013). This method could also be used in combination with thin-
sectioning to identify micro-scale distributions of hopanoid composition to visualize 
the low oxygen regions inside marine snow. 
 
Direct visualization of aggregate pore space to model mass exchange 
and transport processes in marine aggregates 
Without large channels that permit advective flow, diffusion kinetics control mass 
transfer within aggregates, and between aggregates and the ambient water column. 
Because the average apparent diffusivities of gases within aggregates is very close to the 
free diffusion coefficient in seawater (Ploug and Passow, 2007), it is the distances 
between the solid primary particles within aggregates (visualized in Paper I and Paper 
II), and the concentration gradients between the solid particles and the pore space, that 
will determine the direction and the rate of flux.  
Although advective flow through aggregates is too negligible to influence 
aggregate settling (Paper III), multiscale microstructures can cause local advective flow 
within diffusion-limited aggregates. Yet, the effect of microscale advection on oxygen 
distribution, mass transport and reaction rates is not known (Chu et al., 2005; Chu and 
Lee, 2004). Respiratory carbon turnover rates are typically inferred from O2 bulk 
measurements (e.g., Boyd et al., 2015) or at a single-aggregate level using O2 
OUTLOOK 
166 
 
microsensors (Ploug, 1999), but little is known about chemical reaction rates and 
exchange processes that occur at the sub-aggregate level, which can best be resolved by 
imaging pore-space connectivity. 
We successfully reconstructed entire aggregates from consecutive thin-sections 
(Paper I), but the high precision needed for 3D-alignment to accurately resolve pore 
connectivity could not be obtained with this method. Furthermore, the minimum 
slicing thickness of 5-10 µm likely exceeded the minimum pore size, leading to omission 
of pore and a potential underestimation of porosity. 
Instead, methods are needed that image solid components (and consequently, 
aggregate pore space) of marine snow at high resolution without the need to section 
the aggregate. One such method is synchrotron radiation micro-computed tomography 
(SRμCT). SRµCT can allow us to reconstruct the aggregate pore space at a spatial 
resolution high enough to generate a mesh for a transport model.  
In combination with methods from Paper I, Paper III, and flow field modelling, 
SRμCT can be a comprehensive approach to investigate mass transport and microbial 
colonization at the single aggregate-level with the following workflow: (i) PIV to 
determine surrounding flow field and pressure distribution (Paper III), (ii) fix 
aggregates with formaldehyde solution for fluorescence in situ hybridization of 
bacterial colonizers (Paper I), (iii) embed aggregate in a resin suitable for matrix 
staining and FISH (based on methods developed in Paper II), (iv) scan with SRμCT, (v) 
use the output for transport-reaction modelling, e.g., with OpenFOAM (Weller et al., 
1998). This multidisciplinary approach establishes a framework for comprehensive 
transport-reaction modelling and the results can give us insights into the mass 
exchange within single marine aggregates and the interaction of transport processes 
with microbial reactions.  
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Direct coupling of multiple stressor experiments with aggregation 
dynamics and carbon export  
Several studies using multiple stressors have found changes in the growth and cellular 
stoichiometry of single phytoplankton species in response to projected future CO2, 
temperature and light conditions in the ocean surface (Hoppe, Flintrop and Rost, 2018 
[see Paper SI in Additional Publications]; Wolf et al., 2018; Trimborn et al., 2017). There 
is a reported shift in phytoplankton community composition from diatom-dominated 
silica-ballasted systems towards small flagellates, e.g., Phaeocystis sp. (Nöthig et al., 
2015; Lasternas and Agustí, 2010) and eukaryotic picoplankton (Li et al., 2009) e.g., 
Micromonas pusilla, all leading to less ballasted aggregates. 
A change in primary particle composition can heavily impact aggregation 
dynamics, physical aggregate properties, and aggregate settling velocity (Paper IV) of 
diatoms, and a shift to non-ballasted picoplankton- or flagellate-based systems can have 
a pervasive impact on C cycling and export flux in these regions. However, these aspects 
have so far not been coupled to studies exploring the effect of multiple stressors on 
phytoplankton communities.  
To assess the potential for future biological CO2 sequestration in regions with 
shifts in phytoplankton community composition from silica-ballasted, diatom-
dominated systems towards systems where non-ballasted picoplankton (Paper SI) 
and/or small flagellates like Phaeocystis spp. dominate, multiple stressor experiments 
(Paper SI) are necessary to characterize individual responses of  phytoplankton 
functional groups to changes in environmental conditions in the field as well as in the 
laboratory. Followed by analyses of taxon-specific (dis)aggregation dynamics and 
settling velocity measurement according to the experimental set-up in Paper IV, this 
can directly relate changes in phytoplankton community composition to C export and 
burial.
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CONCLUDING REMARKS 
 
With this thesis, I have attempted to draw a comprehensive picture of the dynamic 
environment in which aggregates and their colonizers exist, and of the processes 
underlying the formation, settling, and degradation of marine snow. The physical forces 
acting on objects the size of bacteria and aggregates are difficult to comprehend for us 
who live in a world dominated by inertia. Still, I hope to have made a convincing appeal 
for the importance of not only studying the biochemical, but also the biophysical world 
surrounding settling marine aggregates to better understand the processes that control 
carbon export in the ocean. The research in this thesis has resulted in the development 
of methods to image the composition, microstructure and settling behavior of natural 
marine aggregates at a single- and even sub-aggregate level. These methods can, and 
should, be developed further for a comprehensive characterization of aggregate 
colonization, and subsequent degradation. Synthesizing the results of this thesis has 
given rise to several interesting ideas and hypotheses that may be investigated further 
as presented in the Outlook. This thesis may only be a small contribution, but by joining 
efforts we every day edge closer to a more thorough understanding of the processes 
supporting life on our planet, and how we have to change to be able to inhabit it in the 
more distant future.   
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Abstract 
In the Arctic Ocean, climate change effects such as warming and ocean acidification 
(OA) are manifesting faster than in other regions. Yet, we are lacking a mechanistic 
understanding of the interactive effects of these drivers on Arctic primary producers. 
In the current study, one of the most abundant species of the Arctic Ocean, the 
prasinophyte Micromonas pusilla, was exposed to a range of different pCO2 levels at 
two temperatures representing realistic current and future scenarios for nutrient-
replete conditions. We observed that warming and OA synergistically increased 
growth rates at intermediate to high pCO2 levels. Furthermore, elevated temperatures 
shifted the pCO2 optimum of biomass production to higher levels. Based on changes 
in cellular composition and photophysiology, we hypothesize that the observed 
synergies can be explained by beneficial effects of warming on carbon fixation in 
combination with facilitated carbon acquisition under OA. Our findings help to 
understand the higher abundances of picoeukaryotes such as M. pusilla under OA, as 
has been observed in many mesocosm studies. 
Conclusions 
Our results confirm beneficial effects of warming and OA on growth and biomass 
production of M. pusilla under nutrient-replete conditions. M. pusilla is characterized 
by an exceptionally high cellular C: N ratio compared to other Arctic phytoplankton. 
Higher growth rates and abundances of M. pusilla not only affect the food web due to 
its small size and concurrent grazer preferences but also in terms of food quality, and 
may strengthen the microbial food web. Together with a weakening of the classical 
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diatom-fuelled food web, this could have severe implications for the flow of energy and 
nutrients through future marine Arctic ecosystems.  
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ANOVA Analysis of variance 
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BCP Biological carbon pump 
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CLSM Confocal laser scanning microscopy 
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PON Particulate organic nitrogen 
ROI Region of interest 
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CD Drag coefficient 
d Aggregate diameter 
g Gravitational acceleration 
Re Reynolds number 
w Settling velocity 
δ Fluid boundary layer  
δs Scaled fluid boundary layer 
Δρ Excess density 
η Dynamic viscosity of seawater 
ρs Solid hydrated density 
ρw Density of sea water  
𝜑  Porosity 
ω Rotation rate 
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